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(57) ABSTRACT

In a coated high-temperature superconducting wire 1 in
which a superconducting yttrium-based wire (high-tempera-
ture superconducting wire) 2 having a rectangular cross sec-
tion is coated by an insulating layer 6, the insulating layer 6 is
an electrodeposited film made of block copolymerized poly-
imide which contains siloxane bonds in a polyimide main
chain and which has molecules with anionic groups. A coil
formed from the superconducting yttrium-based wire 2 is
impregnated with epoxy resin, and the epoxy resin is cured.
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HOIB 12/00 (2006.01) separated from the superconducting yttrium-based wire 2 by
HOIB 12/02 (2006.01) the insulating layer 6.
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COATED HIGH-TEMPERATURE
SUPERCONDUCTING WIRE AND
HIGH-TEMPERATURE SUPERCONDUCTING
COIL INCLUDING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

This application is based upon and claims the benefit of
priority from Japanese Patent Application No. 2011-233405,
filed on Oct. 24, 2011, and Japanese Patent Application No.
2012-100477, filed on Apr. 25, 2012, the entire contents of
both which are incorporated herein by reference in their
entirety.

BACKGROUND

The present disclosure relates to a coated high-temperature
superconducting wire using a high-temperature supercon-
ducting wire and to a high-temperature superconducting coil
including the coated high-temperature superconducting wire.

As in Japanese Patent No. 4187293, Japanese Patent No.
4752744, and Japanese Patent Publication No. 2011-108918,
a high-temperature superconducting coil using an oxide
superconductor has been conventionally known. Among
high-temperature superconducting wires, a rare-earth-based
(ReBCO) wire called a “second-generation wire” has the
following characteristics: a smaller thickness than that of a
first-generation high-temperature superconducting wire (bis-
muth-based wire); excellent strength in a longitudinal direc-
tion; a great high-magnetic-field critical current density in
engineering; and excellent electrical conductivity. For, e.g., a
nuclear magnetic resonance (NMR) magnet used in an
extremely-high magnetic field, the high-temperature super-
conducting wire is more advantageous as compared to a con-
ventional low-temperature superconducting wire. A value for
hoop stress generated on the high-temperature superconduct-
ing coil by electromagnetic force is obtained by the following
expression: Magnetic Field ValuexCurrent DensityxRadius.
Since mechanical strength in the longitudinal direction
(lengthwise direction) is high, a current density can be high.
This allows significant reduction in size of the high-tempera-
ture superconducting coil. As a result, e.g., the following can
be realized: easing of installation conditions; reduction in
amount of helium to be consumed; and reduction in material
cost.

The high-temperature superconducting wire is extremely
susceptible to bending. If the high-temperature supercon-
ducting wire is curved, bent, or twisted so as to have a bending
diameter equal to or less than the minimum allowable bend-
ing diameter at which superconducting performance is not
degraded, the superconducting performance is irreversibly
degraded. For such a reason, in order not to cause the bending
in a fabricating process, careful processing is required. In
addition, the high-temperature superconducting wire is more
susceptible to stress in a transverse direction as compared to
atypical copper wire, and therefore the superconducting per-
formance is irreversibly degraded due to the stress in the
transverse direction. Further, the performance of the high-
temperature superconducting wire is degraded due to expo-
sure to a high temperature of equal to or higher than about
250° C. for a long period of time. A series of the following
steps is performed one time or several times as a method for
electrically insulating the high-temperature superconducting
wire: a coating material (e.g., formal resin coating, polyester
resin coating, polyamide-imide resin coating, and polyimide
resin coating) for an enamel wire is applied to an outer surface

10

15

20

25

30

35

40

45

50

55

60

65

2

of the wire, or the wire is dipped in the coating material; and
the coating material is baked on the wire. Alternatively, an
insulating tape such as a polyimide tape may be wound
around the outer periphery of the superconducting wire.

SUMMARY

In the case where the ReBCO wire is wound in a coil shape
to form the high-temperature superconducting coil, the coil is
hardened in order to maintain the strength of the coil. Typi-
cally, the following method has been broadly employed: the
high-temperature superconducting coil formed by winding
the ReBCO wire around a reel is impregnated with an impreg-
nation material such as epoxy resin, and the high-temperature
superconducting wire is, together with the reel, hardened by
heating and curing of the impregnation material. However, in
such a method, there is a disadvantage that superconducting
properties of the coil are degraded (see, e.g., Takamatsu T et
al., Physica C 470, 674-677 (2010), and Yanagisawa Y et al.,
Physica C 471, 480-485 (2011)). A reason for such degrada-
tion is as follows. The ReBCO wire is a type of complex
including a plurality of layers (e.g., a stabilization layer, a
superconducting layer, an intermediate layer, and a metal
substrate). Thus, the ReBCO wire is extremely susceptible to
tensile stress in a thickness direction thereof and “cleavage
stress” caused due to stress concentration on end parts of the
wire in a width direction thereof, and is mechanically dam-
aged inside the coil due to, e.g., stress caused upon impreg-
nation and curing of epoxy resin, thermal stress, and electro-
magnetic stress. As a result, the layers forming the complex
are detached from each other (such a state is hereinafter
referred to as “delamination”). The stress of this type is
caused because the coil is impregnated with hard strong
epoxy resin and therefore the epoxy resin provides great force
to the ReBCO wire provided inside the coil.

Various attempts have been made to overcome the forego-
ing disadvantages caused due to the impregnation with epoxy
resin.

For example, the following method (see Japanese Patent
No. 4187293 and Japanese Patent No. 4752744) has been
proposed: ahigh-temperature superconducting wire is wound
in the state in which an adhesive layer such as a prepreg tape
is stacked on the high-temperature superconducting wire, and
the prepreg tape is cured to harden the high-temperature
superconducting wire. However, in such a method, since the
high-temperature superconducting wire is hardened by epoxy
resin, there is a disadvantage that it is difficult to reduce
degradation of superconducting properties.

In addition, the following method (see Japanese Patent
Publication No. 2011-108918) for fabricating the high-tem-
perature superconducting coil has been proposed: a non-ad-
hesive insulating layer such as a polyimide tape is interposed
between a high-temperature superconducting wire and an
adhesive layer such as a prepreg tape such that the high-
temperature superconducting wire is not directly hardened by
epoxy resin of the adhesive layer. However, in such a method,
it is difficult to prevent hardening of the high-temperature
superconducting wire by epoxy resin impregnating the insu-
lating layer. In such a case, since the high-temperature super-
conducting wire is directly hardened by epoxy resin, there is
a disadvantage that it is difficult to reduce degradation of
superconducting properties. Further, in this method, there is
another disadvantage that vacuum pressure impregnation by
which the highest strength can be obtained cannot be
employed.

In order to fabricate the coil by epoxy impregnation, the
following method has been proposed: a heat-shrinkable poly-
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mer tube is shrunk with a ReBCO wire being placed in the
polymer tube, and the polymer tube is impregnated with
epoxy resin (see M. Dalban-Canassy et al., 22"¢ International
Conference on Magnet Technology held in Marseille, France,
11-16 Sep. 2011). In such a method, since hard epoxy resin
contacts the ReBCO wire through the tube, and the tube and
the ReBCO wire are not bonded together, it is less likely to
damage the wire. However, it is difficult to prepare, for this
method, a long, seamless, uniform ReBCO wire accommo-
dated in the heat-shrinkable tube. Although the foregoing
method can be employed for a small coil formed from a short
length of wire, there is a disadvantage in employment for a
large coil. In addition, since the impregnation is limited to
coating type impregnation, there are disadvantages in exten-
sibility and mechanical coil strength.

In order to fabricate, e.g., a pancake coil by epoxy impreg-
nation, the following methods have been conventionally
employed: the method in which a ReBCO wire is, for elec-
trical insulation, wound together with an insulating tape such
as a polyimide tape (i.e., simultaneously wound with the
insulating tape); and the method in which a ReBCO wire
bonded to a polyimide tape having an adhesive surface is
wound. In such methods, the ReBCO wire is impregnated
with an impregnation material such as epoxy resin mainly at
end parts of the ReBCO wire in a width direction thereof.
Thus, there is a disadvantage that the ReBCO wire provided
inside the coil is mechanically damaged due to, e.g., stress
caused upon impregnation and curing of epoxy resin, thermal
stress, and electromagnetic stress (see, e.g., Yanagisawa Y et
al., Physica C 471, 480-485 (2011)).

The method in which an insulating tape such as a polyimide
tape having no adhesive layer or an insulating tape such as a
polyimide tape having an adhesive layer or a bonding layer is
spirally wound around a wire itself has been conventionally
employed as the method for electrically insulating the
ReBCO wire. Upon the winding, the following methods are
employed: the method in which the polyimide tape is wound
so as not to form an overlap; and the method in which the
polyimide tape is wound so as to form an overlap(s). In the
case where the insulating tape such as the polyimide tape
having the adhesive layer or the bonding layer is wound so as
to form the overlap(s), there is a disadvantage that, when the
thickness of the ReBCO wire is, e.g., about 0.1 mm, the
thickness of the electrical insulating layer is 0.1 mm on one
side of the ReBCO wire. When the high-temperature super-
conducting coil is fabricated, it is important to consider mag-
netic field generation efficiency, i.e., efficiency for generating
a magnetic field having a high current density corresponding
to the cross-sectional area of the high-temperature supercon-
ducting coil including the electrical insulating layer, and
therefore the thick electrical insulating layer is not suitable. In
addition, since the adhesive layer or the bonding layer is made
of, e.g., silicon curable by cooling, disadvantages similar to
those caused due to epoxy impregnation are caused. In the
case where the insulating tape such as the polyimide tape
having no adhesive layer is wound, a clearance is formed
between adjacent ones of turns of the polyimide tape. Thus,
when the high-temperature superconducting coil is fabri-
cated, the impregnation material enters the clearance upon
impregnation such as vacuum pressure impregnation, and
therefore the following disadvantage is caused: the ReBCO
wire provided inside the coil is mechanically damaged due to,
e.g., stress caused upon impregnation and curing of hard
strong epoxy resin, thermal stress, and electromagnetic
stress.

There are other disadvantages to be overcome other than
the disadvantages caused due to epoxy impregnation.
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In order to obtain a high critical current density by enhanc-
ing orientation of oxide superconducting crystals, a thin flat
tape-shaped wire is used as the ReBCO wire. A typical wire
has a width of about 3-12 mm and a thickness of about
0.055-0.15 mm. In a conventional low-temperature supercon-
ducting wire, an insulating coating film made of, e.g., formal
is formed on an outer surface of the wire by repeating dipping
and baking. Such a method can be easily assumed on the
analogy of the prior art. However, if a tape-shaped wire hav-
ing an aspect ratio of at least 10 or more, such as the ReBCO
wire, is coated by the method of this type, there is a disad-
vantage that flat parts of the wire can be coated, but corner
parts of the wire cannot be sufficiently coated. In such a case,
when the wire is wound in a coil shape, there is a possibility
that short-circuit occurs. Conversely, if the thickness of the
coating film at the corner parts of the wire is increased, there
is a disadvantage that the thickness of the coating film is
greater than the thickness of the superconducting wire.

There are still other disadvantages to be overcome in the
case where the ReBCO wire is applied for products other than
the high-temperature superconducting coil.

The ReBCO wire is a type of complex including a plurality
of layers (e.g., a stabilization layer, a superconducting layer,
an intermediate layer, and a metal substrate). Thus, the
ReBCO wire is extremely susceptible to tensile stress in the
thickness direction thereof and “cleavage stress” caused due
to stress concentration on the end parts of the wire in the width
direction thereof. For such a reason, for hardening the high-
temperature superconducting wire such as the ReBCO wire
having the foregoing structure, a structure or a hardening
method (e.g., impregnation or bonding using epoxy resin) in
which cleavage stress acts on the wire cannot be used. Cleav-
age stress is caused due to, e.g., stress caused upon impreg-
nation and curing of epoxy resin, thermal stress, electromag-
netic stress, and stress caused upon structure deformation
caused by external force. For example, a high-temperature
superconducting cable used for, e.g., superconducting power
transmission has the following structure: a superconducting
wire is spirally wound around a center conductor called
“former” so as to form layers stacked on each other, and an
electrical insulating film is wound around and is pressed
against the superconducting wire (see, e.g., Japanese Patent
Publication No. 2011-138781). The superconducting layer of
the high-temperature superconducting wire such as the
ReBCO wire is extremely brittle, and is made of, e.g.,
ceramic. For such a reason, the allowable bending diameter
etc. are specified. For example, the allowable bending diam-
eter of the ReBCO wire is about 30 mm. Thus, there is a
disadvantage that the wire is bend so as not to reach a diameter
equal to or less than the allowable bending diameter, and a
structure for holding the wire and a method for hardening the
wire are limited.

The high-temperature superconducting cable used for, e.g.,
superconducting power transmission is configured such that
the superconducting wire is spirally wound around the former
so0 as to form the layers stacked on each other. A film (polypro-
pylene laminated paper (PPLP)) formed by sandwiching a
polypropylene film between other films and liquid nitrogen
circulating for cooling are used for the electrical insulating
film wound around the superconducting wire. The PPLP is
wound around the cable formed by winding the supercon-
ducting wire around the former, and there is a risk of breaking
the wound PPLP when the cable is curved. For such a reason,
when the PPLP is spirally wound, a clearance is required to be
formed between adjacent ones of turns of the PPLP such that
edges of the PPLP do not contact each other in the wound
state of the PPLP. However, since insulation performance in
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the clearance is lower than that in other part, there is a possi-
bility that partial discharge occurs. As a result, there is a
disadvantage that, e.g., reduction in dielectric strength and a
power transmission loss occur.

For the high-temperature superconducting cable used for
superconducting power transmission, the following method
(see, e.g., Japanese Patent Publication No. 2009-295292) has
been conventionally employed as an electrical insulation
method: an insulating tape such as a polyimide tape having no
adhesive layer or an insulating tape such as a polyimide tape
having an adhesive layer or a bonding layer is spirally wound
around a wire itself. However, if a clearance is formed
between adjacent ones of turns of the polyimide tape, a dis-
advantage in insulation performance similar to the foregoing
disadvantage in insulation performance in the clearance is
caused. If there is no clearance between adjacent ones of the
turns of the polyimide tape, the thickness of the electrical
insulating layer varies with location due to lap winding of the
tape, or materials having different permittivity and insulation
performance, such as the polyimide tape and the adhesive
layer, are stacked on each other such that the total thickness of
such materials varies with location. Thus, there is a disadvan-
tage that partial discharge is likely to occur in some part of the
high-temperature superconducting cable.

Since a temperature required for baking the coating mate-
rial (e.g., formal resin coating) for the enamel wire is a high
temperature of about 250-700° C., there is a disadvantage that
the superconducting properties of the superconducting wire
are degraded. In a method for winding an insulating tape,
there is a disadvantage that a thick insulating tape results in a
larger outer diameter or a larger thickness of the supercon-
ducting wire. In addition, as in the case where the thickness of
the insulating coating film made of the coating material (e.g.,
formal resin coating) for the enamel wire is decreased at, e.g.,
the corner part of the superconducting wire depending on a
cross-sectional shape thereof, the thickness of the coating
film cannot be selected for each location. Further, if an insu-
lating coating film is formed on a long wire, the thickness of
the coating film varies in a longitudinal direction of the wire.
As in the foregoing cases, the thickness of the coating film
cannot be precisely controlled. For such reasons, a disadvan-
tage that there is a limitation due to the length, thickness,
width, cross-sectional structure, and cross-sectional shape of
the superconducting wire is caused.

The ReBCO wire is a type of complex including a plurality
of layers (e.g., a stabilization layer, a superconducting layer,
an intermediate layer, and a metal substrate). That is, the
ReBCO wire is a complex material of a multilayer thin film of
a ceramics and a metal tape. There is a disadvantage that,
when the ReBCO wire is used in a cooled state, layers of the
ReBCO wire are detached from each other due to a difference
in heat shrinkage rate between the multilayer thin film and the
metal tape. As a method for overcoming such a disadvantage,
Japanese Patent Publication No. 2012-064495 describes that
polyimide is used so that the components of the complex
material remain joined together. However, as in Takematsu T
et al., Physica C 470, 674-677 (2010) and Y. Zhang et al.,
Physica C 473, 41-47 (2012), improvement has been recently
made in the disadvantage of the ReBCO wire described in
Japanese Patent Publication No. 2012-064495, i.e., the dis-
advantage that delamination occurs only by cooling. Thus,
the performance of the ReBCO wire is not degraded in a
non-impregnated coil and a paraffin-impregnated coil.
According to Takematsu T et al., Physica C 470, 674-677
(2010) and Y. Zhang et al., Physica C 473, 41-47 (2012), the
performance of the ReBCO wire is degraded only when the
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ReBCO wire is impregnated with an impregnation material
having a relatively-high strength, such as epoxy resin.

The present disclosure has been made in view of the fore-
going, and it is an objective of the present disclosure to reduce
or prevent delamination of a superconducting wire of a high-
temperature superconducting coil to obtain stable supercon-
ducting properties and to obtain strong mechanical properties
and high electrical insulating properties in, e.g., a supercon-
ducting power transmission cable.

In view of the foregoing, the present inventors have con-
ducted various study. As a result, the following was found. An
insulating layer made of block copolymerized polyimide con-
taining siloxane bonds in a polyimide main chain is electrode-
posited. Thus, it is ensured that, even if the ReBCO wire is
impregnated with epoxy resin, intrinsic superconducting
properties thereof can be maintained, and that mechanical
damage and coil property degradation can be reduced or
prevented. In Japanese Patent Publication No. 2011-108918,
the polyimide tape is used. However, the polyimide tape
having a high cross-linking ratio and the polyimide of the
present disclosure having a low cross-linking ratio are essen-
tially different from each other. There is no precedent for use
of the wire of the present disclosure including the electrode-
posited film made of polyimide at an ultralow temperature of
equal to or lower than about 90 K, and it is unclear whether or
not the electrodeposited film made of polyimide has low-
temperature properties. Thus, the inventors cannot arrive at
their findings based on matters which have been already
known to the public.

In view of the foregoing, the present inventors have further
conducted various study. As a result, the following was found.
In the superconducting wire configured such that the insulat-
ing layer made of block copolymerized polyimide containing
siloxane bonds in the polyimide main chain is electrodepos-
ited, a thin insulating film can uniformly coat part or all of the
superconducting wire regardless of, e.g., the length of the
superconducting wire, and adhesion of the insulating film to
the superconducting wire can be increased. This improves the
stiffness of the superconducting wire, and therefore good
handleability and high superconducting performance can be
realized. According to the present disclosure, similar advan-
tages can be realized in superconducting wires such as high-
temperature superconducting wire (e.g., bismuth-based oxide
high-temperature superconducting wires and iron-based
high-temperature superconducting wires) and low-tempera-
ture superconducting wires. Such wires can be used to fabri-
cate, e.g., superconducting coils, superconducting cables,
superconducting current leads, and superconducting current
limiter. In the present specification, the “low-temperature
superconducting wire” is a wire made of a metal-based super-
conductor material typically having a critical temperature
(Tc) of equal to or lower than about 25 K in a non-magnetic
field, and examples of the “low-temperature superconducting
wire” include a wire made of NbTi, Nb3Sn, Nb3Al, or V3Ga.

In the present specification, the “high-temperature super-
conducting wire” is a wire made of a superconductor material
typically having a critical temperature (Tc) of equal to or
higher than about 25 K in a non-magnetic field, and all of
wires each made of a copper-based oxide superconductor or
an iron-based superconductor are the high-temperature
superconducting wires. For example, the following wires are
the high-temperature superconducting wires: wires each
made of a yttrium-based superconductor or a bismuth-based
superconductor; wires each made of a material represented by
a chemical formula YBa,Cu;0, 4; wires each made of
ReBa,Cu;0, 4in which an element “Y” in the foregoing
chemical formula is substituted with “Re” indicating a rare-
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earth-based element; and wires each made of Bi,Sr,Ca,
Cu,0,,,,s Including Bi,Sr,CaCu,04+06(Bi2212) or
Bi,Sr,Ca,Cu,;0, 4,5 (Bi2223). Wires each formed from any
of the foregoing wires in the following manners are also
considered as the high-temperature superconducting wires:
by improving critical current properties of any of the forego-
ing wires by depositing oxide nanoparticles (e.g., zirconium
oxide nanoparticles and dysprosium oxide nanoparticles) on
the wire; and by substituting part of elements of any of the
foregoing wires with another element. Of the metal-based
superconductors, wires each made of, e.g., MgB, having a
superconducting transition temperature of about 25 K or
more is the high-temperature superconducting wires.

In the present specification, the “ReBCO wire” is a high-
temperature superconducting wire made of at least one
selected from a group consisting of rare-earth-based materi-
als and copper oxide-based materials. For example, a wire
made only of yttrium is represented by a chemical formula
YBa,Cu,0,_5. Examples of such a wire include a supercon-
ducting yttrium-based wire having critical current properties
improved by depositing oxide nanoparticles (e.g., zirconium
oxide nanoparticles and dysprosium oxide nanoparticles) on
the wire.

In the present specification, the “superconducting yttrium-
based wire” is a high-temperature superconducting wire con-
taining at least yttrium and made of one or more of rare-earth-
based materials and copper oxide-based materials. Examples
of such a wire include a superconducting yttrium-based wire
having critical current properties improved by depositing
oxide nanoparticles (e.g., zirconium oxide nanoparticles and
dysprosium oxide nanoparticles) on the wire.

In the present specification, the “tape-shaped substrate” is
made of, e.g., various metal materials such as nickel and a
nickel alloy.

In the present specification, the “intermediate layer” has
either a single-layer structure or a multilayer structure, and is
made of a metal oxide such as YSZ, MgO, CeO,,Y,0;, NiO,
BaZrO;, SrTiO;, and Gd,O;.

In the present specification, the “stabilization layer” is
made of a metal material having good conductivity, such as
silver and copper. The stabilization layer may be stacked on a
protective layer made of silver, gold, or an alloy thereof, and
it is preferable that a stabilization layer made of copper is
stacked on a protective layer made of silver.

In the present specification, the “impregnation material” is
adhesive used for hardening of the superconducting wire, and
examples of the impregnation material include curable resin
(e.g., photocurable resin, ultraviolet curable resin, and elec-
tron beam curable resin) such as epoxy resin and phenol resin,
thermoplastic resin, paraffin, paraffin wax, wax, grease, and
varnish. Any of the foregoing impregnation materials may
contain a filler added for the purpose of adjusting, e.g., a heat
shrinkage amount. The present disclosure is also intended for
an impregnation material contained in prepreg which is a
sheet-shaped material containing one or more of the forego-
ing impregnation materials and which is curable after the
prepreg is formed in a sheet shape.

Specifically, a first aspect of the present disclosure is
intended for a coated high-temperature superconducting wire
including a high-temperature superconducting wire covered
by an insulating layer. The high-temperature superconduct-
ing wire has a rectangular cross section, and the insulating
layer is an electrodeposited film made of polyimide.

Conventionally, a coated high-temperature superconduct-
ing wire having an aspect ratio of 10 or more and having a
rectangular cross section is formed by dip-coating a high-
temperature superconducting wire with an insulator, and is
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wound into a coil. Then, the coil is impregnated with an
impregnation material such as epoxy resin. However, since
the aspect ratio of the coated high-temperature superconduct-
ing wire is high, an insulating coating film cannot be uni-
formly formed by dip-coating. Thus, the following disadvan-
tages arise: insulating properties of the coil are not good
enough; and the coating film is detached or cracked upon
winding of the coated wire into the coil. However, according
to the foregoing configuration, the coating film is formed by
electrodeposition. Thus, the wire can be coated without caus-
ing delamination in the coated high-temperature supercon-
ducting wire at a large bending radius. In addition, even if the
aspect ratio is high, the wire can be uniformly coated. Further,
since the coated high-temperature superconducting wire has
flexibility, the coating film is not detached or cracked upon
winding of the coated wire into the coil.

Since an electrodeposited film made of block copolymer-
ized polyimide which contains siloxane bonds in a polyimide
main chain and which has molecules with anionic groups has
excellent flexibility, the electrodeposited film has a function
to automatically eliminate, before the high-temperature
superconducting wire which is extremely susceptible to
cleavage stress is broken, a stress concentrated part by being
elastically deformed. This brings about an effect to protect the
superconducting wire from various external force (e.g.,
cleavage stress) breaking the superconducting wire. In addi-
tion, the electrodeposited film functions as a cushion when
the coated high-temperature superconducting wires or the
coated high-temperature superconducting wire and another
structure come into contact with each other. The insulating
coating film is made of polyimide having excellent electrical
insulation performance, and even a long wire can be seam-
lessly and uniformly coated by the electrodeposited film. This
brings about an effect to reduce or prevent partial discharge.
The flexibility of electrodeposited polyimide brings about an
effect to reduce or prevent breakage of the insulating coating
film and the superconducting wire and an effect to form the
insulating coating film without gaps even if the coated wire is
curved at a room temperature or a low temperature. The
adhesion of the electrodeposited film brings about an effect to
reduce or prevent degradation of insulation performance due
to detachment of the insulating coating film and an effect to
reduce or prevent breakage of the coating film when, e.g.,
stress caused upon impregnation and curing of the impregna-
tion material, thermal stress, electromagnetic stress, or stress
caused upon deformation of the structure due to external force
is applied, when the coated wire is curved, or when the coated
wire is carelessly handled. In addition, the adhesion brings
about a cooling effect uniformly and efficiently across the
coated superconducting wire because high heat conductivity
is obtained upon cooling of the superconducting wire through
the insulating coating film. Since the electrodeposited film
made of polyimide has high heat resistance, an effect to
reduce or prevent burnout upon quenching or upon an acci-
dent such as insulation breakdown is brought about. The
foregoing features bring about an excellent effect for, e.g., a
superconducting coil, a superconducting cable, a supercon-
ducting current lead, and a superconducting current limiter
used for purposes requiring good electrical insulating prop-
erties, good flexibility of the insulating coating film at a room
temperature or a low temperature, and good adhesion of the
insulating coating film.

For example, in the case where the present disclosure is
applied to a superconducting cable used for superconducting
power transmission, the foregoing advantages can be
obtained by the electrodeposited film, and even a long wire
can be seamlessly and uniformly coated by the electrodepos-
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ited film having flexibility. Thus, it is not necessary that a butt
gap is formed as in the case where the PPLP is used. This
reduces or eliminates part of the superconducting cable where
partial discharge is likely to occur. In the case where the
polyimide tape is spirally wound, there is a disadvantage that
partial discharge is likely to occur in part of the supercon-
ducting cable for, e.g., the following reasons: a clearance is
formed between adjacent ones of turns of the insulating layer;
the thickness of the electrical insulating layer varies with
location; and materials having difterent permittivity and insu-
lation performance, such as the polyimide tape and the adhe-
sive layer, are stacked on each other such that the total thick-
ness of such materials varies with location. However, in the
insulating layer (i.e., the electrodeposited film), part of the
superconducting cable where partial discharge is likely to
occur can be reduced or eliminated because of the following
features: the insulating layer can be formed without clear-
ances, the thickness and performance of the insulating layer
do not vary; the thick insulating layer can be formed in end
parts of the wire in a width direction thereof, i.e., in part of the
wire where insulation breakdown is likely to occur.

A second aspect of the present disclosure is intended for the
coated high-temperature superconducting wire of the first
aspect of the present disclosure, in which the insulating layer
is an electrodeposited film made of block copolymerized
polyimide containing a siloxane bond in a polyimide main
chain and having a molecule with an anionic group.

According to the foregoing configuration, since wettability
of'the coating film is low due to an effect of siloxane, adhesion
of the coating film to, e.g., the impregnation material is low.
Thus, even if the coated high-temperature superconducting
wire is hardened by, e.g., the impregnation material, mechani-
cal damage of the coated high-temperature superconducting
wire is not caused.

A third aspect of the present disclosure is intended for the
coated high-temperature superconducting wire of the first or
second aspect of the present disclosure, in which the high-
temperature superconducting wire is a ReBCO wire.

That is, the ReBCO wire is extremely susceptible to tensile
stress in a thickness direction of the ReBCO wire and cleav-
age stress applied to end parts of the ReBCO wire in a width
direction thereof. Due to, e.g., “cleavage stress” caused due to
stress concentration (e.g., concentration of stress caused upon
impregnation and curing of the impregnation material such as
epoxy resin, thermal stress, and electromagnetic stress) on the
end parts of the ReBCO wire in the width direction thereof, it
is likely that the ReBCO wire inside the coil is mechanically
damaged and delamination occurs. However, according to the
foregoing configuration, since the electrodeposited insulating
layer made of polyimide covers part or all of the outer periph-
ery of the ReBCO wire including the corner parts thereof, the
flexible low-strength insulating layer can block force trans-
mission between the impregnation material and the ReBCO
wire. Thus, it is ensured that delamination of the ReBCO wire
is reduced or prevented.

A fourth aspect of the present disclosure is intended for the
coated high-temperature superconducting wire of any one of
the first to third aspects of the present disclosure, in which the
insulating layer substantially uniformly covers part or all of
an outer periphery of the high-temperature superconducting
wire including a corner part thereof.

According to the foregoing configuration, since the insu-
lating layer substantially uniformly covers part or all of the
outer periphery of the ReBCO wire including the corner parts
thereof, the flexible low-strength insulating layer can block
force transmission between the impregnation material and the
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ReBCO wire. Thus, it is further ensured that delamination of
the ReBCO wire is reduced or prevented.

The insulating coating film can substantially uniformly
cover part or all of the ReBCO wire including the corner parts
thereof by electrodeposition. This brings about an effect to
protect the corner parts of the ReBCO wire where discharge is
likely to occur. Such a feature can bring about an excellent
effect for, e.g., a superconducting cable, a superconducting
current lead, and a superconducting current limiter used for
superconducting power transmission.

A fifth aspect of the present disclosure is intended for the
coated high-temperature superconducting wire of any one of
the first to fourth aspects of the present disclosure, in which
the high-temperature superconducting wire is a multilayer
structure in which an oxide high-temperature superconduct-
ing layer is formed on a tape-shaped metal substrate with an
intermediate layer being interposed therebetween, and a sta-
bilization layer is formed on the oxide high-temperature
superconducting layer.

According to the foregoing configuration, a high-tempera-
ture superconducting wire including, e.g., a yttrium-based
superconductor is a wire including a superconductor having a
transition temperature exceeding a liquid nitrogen tempera-
ture, and is advantageous to generation of a strong magnetic
field. Since the high-temperature superconducting wire
includes a plurality of layers, the high-temperature supercon-
ducting wire is susceptible to delamination. According to the
foregoing configuration, since the insulating layer substan-
tially uniformly covers part or all of the outer periphery of the
high-temperature superconducting wire including the corner
parts thereof, the flexible low-strength insulating layer can
block force transmission between the impregnation material
and the high-temperature superconducting wire. Thus, it is
ensured that delamination of the high-temperature supercon-
ducting wire is reduced or prevented.

A sixth aspect of the present disclosure is intended for the
coated high-temperature superconducting wire of the fifth
aspect of the present disclosure, in which the tape-shaped
metal substrate is made of nickel or a nickel alloy.

According to the foregoing configuration, the high-tem-
perature superconducting wire has flexibility and strength.

A seventh aspect of the present disclosure is intended for
the coated high-temperature superconducting wire of the fifth
or sixth aspect of the present disclosure, in which the stabili-
zation layer is a silver layer.

An eighth aspect of the present disclosure is intended for
the coated high-temperature superconducting wire of the fifth
or sixth aspect of the present disclosure, in which the stabili-
zation layer is formed by stacking a copper layer on a silver
layer.

The foregoing configurations bring about an effect to pro-
tect the oxide high-temperature superconducting layer, an
effect to diffuse locally-generated heat, and a current bypass
effect upon coil quenching.

A ninth aspect of the present disclosure is intended for a
high-temperature superconducting coil including the coated
high-temperature superconducting wire of any one of the first
to eighth aspects of the present disclosure.

According to the foregoing configuration, the eftect of the
flexible electrodeposited film made of polyimide ensures
high superconducting properties without detachment or
cracking of the coating film of the coated high-temperature
superconducting wire upon winding of the high-temperature
superconducting wire into the coil.

A tenth aspect of the present disclosure is intended for the
high-temperature superconducting coil of the ninth aspect of
the present disclosure, in which the coated high-temperature
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superconducting wire is wound inside or outside a reel having
apredetermined shape, oris wound along a groove of the reel.

According to the foregoing configuration, a method for
winding the coated high-temperature superconducting wire is
not limited. The foregoing configuration brings about the
effect ofthe flexible electrodeposited film made of polyimide.

An eleventh aspect of the present disclosure is intended for
the high-temperature superconducting coil of the tenth aspect
of the present disclosure, in which the coated high-tempera-
ture superconducting wire is wound inside or outside a cylin-
drical reel, or is wound along a groove of the cylindrical reel.

According to the foregoing configuration, the coated high-
temperature superconducting wire is wound around the cylin-
drical reel. Such a configuration ensures a bending radius and
protects the high-temperature superconducting wire. In addi-
tion, winding of the coated high-temperature superconduct-
ing wire is facilitated.

A tweltth aspect of the present disclosure is intended for
the high-temperature superconducting coil of the tenth aspect
of the present disclosure, in which the coated high-tempera-
ture superconducting wire is wound inside or outside a non-
cylindrical reel, or is wound along a groove of the non-
cylindrical reel.

The foregoing configuration brings about the effect of the
flexible electrodeposited film made of polyimide even when
the coated high-temperature superconducting wire is used
with, e.g., a reel having an oval shape as viewed in the plane.

A thirteenth aspect of the present disclosure is intended for
the high-temperature superconducting coil of the tenth aspect
of the present disclosure, in which the coated high-tempera-
ture superconducting wire is wound inside or outside a reel
defining an arc surface in at least part thereof, or is wound
along a groove of the reel.

The foregoing configuration brings about the effect of the
flexible electrodeposited film made of polyimide even when
the coated high-temperature superconducting wire is used
with the reel defining the arc surface in at least part thereof,
such as reels having the following shapes: an oval shape, a
race track shape (e.g., the shape of an athletics track filed), a
saddle shape (e.g., the shape of a saddle for a horse) used for
an accelerator, and a D-shape used for, e.g., a nuclear fusion
reactor.

A fourteenth aspect of the present disclosure is intended for
the high-temperature superconducting coil of any one of the
ninth to thirteenth aspects of the present disclosure, in which
part or all of the reel is removed.

The foregoing configuration brings about the effect of the
flexible electrodeposited film made of polyimide even in the
case where, after the coated high-temperature superconduct-
ing wire is wound around the reel, the reel is removed.

A fifteenth aspect of the present disclosure is intended for
the high-temperature superconducting coil of any one of the
ninth to fourteenth aspects of the present disclosure, in which
the high-temperature superconducting coil is impregnated
with an impregnation material, and the impregnation material
is cured.

According to the foregoing configuration, since the flexible
insulating layer made of polyimide by electrodeposition cov-
ers part or all of the outer periphery of the high-temperature
superconducting wire including the corner parts thereof, it is
ensured that transmission of force caused upon impregnation
and curing of the impregnation material between the impreg-
nation material and the high-temperature superconducting
wire and transmission of force caused upon cooling or exci-
tation of the coil between the impregnation material and the
high-temperature superconducting wire are blocked. Thus, it
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is ensured that delamination of the high-temperature super-
conducting wire is reduced or prevented.

A sixteenth aspect of the present disclosure is intended for
the high-temperature superconducting coil of the fifteenth
aspect of the present disclosure, in which the impregnation
material covers the insulating layer, and is completely sepa-
rated from the high-temperature superconducting wire by the
insulating layer.

According to the foregoing configuration, since the flexible
insulating layer made of polyimide by electrodeposition is
interposed between the impregnation material and the high-
temperature superconducting wire, it is ensured that delami-
nation of the high-temperature superconducting wire is
reduced or prevented.

A seventeenth aspect of the present disclosure is intended
for the high-temperature superconducting coil of any one of
the ninth to sixteenth aspects of the present disclosure, in
which a partially-cured resin-impregnated tape is interposed
between adjacent ones of turns of the high-temperature super-
conducting wire of the high-temperature superconducting
coil, and the coil is hardened.

According to the foregoing configuration, the coil is pro-
tected and insulated in a simple and efficient manner. This
configuration also brings about the effect of the flexible elec-
trodeposited film made of polyimide.

An eighteenth aspect of the present disclosure is intended
for the high-temperature superconducting coil of any one of
the ninth to sixteenth aspects of the present disclosure, in
which a tape is, for insulation, thermal conduction, or detach-
ment, attached to the high-temperature superconducting wire.

According to the foregoing configuration, insulation, ther-
mal conduction, or detachment is allowed merely by winding
the tape around the high-temperature superconducting wire.
In this configuration, the coil is protected and insulated in a
simple and efficient manner. This configuration also brings
about the effect of the flexible electrodeposited film made of
polyimide.

A nineteenth aspect of the present disclosure is intended
for the high-temperature superconducting coil of any one of
the ninth to sixteenth aspects of the present disclosure, in
which a material is, for insulation, thermal conduction, or
detachment, applied to the high-temperature superconduct-
ing wire.

Even in the case where the material for insulation, thermal
conduction, or detachment is applied, the foregoing configu-
ration brings about the effect of the flexible electrodeposited
film made of polyimide.

A twentieth aspect of the present disclosure is intended for
the high-temperature superconducting coil of any one of the
ninth to sixteenth aspects of the present disclosure, in which
a plurality of high-temperature superconducting wires are
bonded together.

Even if the case where the high-temperature superconduct-
ing wires are bonded together, the foregoing configuration
brings about the effect of the flexible electrodeposited film
made of polyimide.

A twenty-first aspect of the present disclosure is intended
for the high-temperature superconducting coil of any one of
the ninth to sixteenth aspects of the present disclosure, in
which the high-temperature superconducting wire is bonded
to a reel or a tape material.

Even in the case where the high-temperature supercon-
ducting wire is bonded to the reel or the tape material, the
foregoing configuration brings about the effect of the flexible
electrodeposited film made of polyimide.

As described above, according to the present disclosure,
since the insulating layer of the coated high-temperature
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superconducting wire is the electrodeposited film made of the
block copolymerized polyimide which contains siloxane
bonds in the polyimide main chain and which has the mol-
ecules with anionic groups, it is ensured that the insulating
layer is formed. In addition, the low strength of the insulating
layer due to siloxane allows the following with a simple
configuration: delamination of the high-temperature super-
conducting wire used for the high-temperature superconduct-
ing coil can be reduced or prevented; and stable supercon-
ducting properties can be obtained. The electrodeposited film
made of the block copolymerized polyimide which contains
siloxane bonds in the polyimide main chain and which has the
molecules with anionic groups can simultaneously provide,
because of excellent mechanical properties and electrical
insulating properties thereof, the following functions with a
simple configuration in an efficient manner: a mechanical
function and an electrical function to protect the coated high-
temperature superconducting wire in which performance
degradation or damage is likely to occur at a room tempera-
ture or a low temperature. For use as, e.g., a superconducting
coil, a superconducting cable, a superconducting current
lead, and a superconducting current limiter, it can be expected
that performance degradation or damage of the coated super-
conducting wire is reduced or prevented, and stable super-
conducting properties are obtained.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an enlarged cross-sectional view schematically
illustrating a coated high-temperature superconducting wire
of an embodiment of the present disclosure.

FIG. 2 is a front view schematically illustrating an elec-
trodeposition/baking device for the coated high-temperature
superconducting wire.

FIG. 3 is a perspective cross-sectional view schematically
illustrating an appearance of a high-temperature supercon-
ducting coil.

FIG. 4 is a graph illustrating experimental results of a first
example and a first comparative example.

FIG. 5 is an enlarged cross-sectional view illustrating the
state in which an insulating layer is elastically deformed by
cleavage stress.

FIG. 6 is an enlarged cross-sectional view illustrating the
state in which an insulating layer is cracked by cleavage
stress.

FIG. 7 is an enlarged cross-sectional view illustrating the
state in which an impregnation material such as epoxy resin is
detached by cleavage stress.

FIG. 8 is an enlarged cross-sectional view schematically
illustrating the coated high-temperature superconducting
wire.

FIG. 9 is an enlarged cross-sectional view schematically
illustrating a coated high-temperature superconducting wire
of a third example of the present disclosure.

FIG. 10 is a perspective view illustrating a test sample for
a cleavage test in a fifth example.

FIG. 11 is a front view illustrating a cleavage test device in
the fifth example.

FIG. 12 is an enlarged cross-sectional view schematically
illustrating a coated high-temperature superconducting wire
including a bismuth-based superconducting wire.

FIG. 13 is an enlarged cross-sectional view illustrating a
sixth example.

FIG. 14 is another enlarged cross-sectional view illustrat-
ing the sixth example.

FIG. 15 is an enlarged cross-sectional view illustrating a
test method in the sixth example.
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FIG. 16 is a table of experimental results of second to
fourth examples and a second comparative example.

FIG. 17 is a table of experimental results of the fitth and
sixth examples and a third comparative example.

FIG. 18 is a table of experimental results of seventh and
eighth examples and a fourth comparative example.

DETAILED DESCRIPTION

An embodiment of the present disclosure will be described
below with reference to drawings.

FIG. 1 illustrates a cross section of a coated high-tempera-
ture superconducting wire 1 of the embodiment of the present
disclosure used for a superconducting coil. In the present
embodiment, a superconducting yttrium-based wire 2 will be
described as an example of a ReBCO wire which is a high-
temperature superconducting wire. Note that, as in examples
described later, a superconducting bismuth-based wire 2' may
be used as the high-temperature superconducting wire (see
FIG. 12).

The superconducting yttrium-based wire 2 is configured
such that a yttrium-based superconductor 4 is stacked on a
tape-shaped substrate 3 with an intermediate layer (not shown
in the figure) being interposed therebetween. The intermedi-
ate layer has a function to inhibit growth of a superconducting
film due to diffusion of elements of the substrate 3 in the
yttrium-based superconductor 4 and to perform lattice match-
ing between the yttrium-based superconductor 4 and the sub-
strate 3. The substrate 3, the intermediate layer, and the
yttrium-based superconductor 4 are covered by a stabilization
layer 5. Since the superconducting yttrium-based wire 2 is a
type of complex including a plurality of layers as described
above, the superconducting yttrium-based wire 2 is suscep-
tible to tensile stress in a thickness direction thereof and
cleavage stress intensively acting on end parts of the super-
conducting yttrium-based wire 2 in a width direction thereof.
Note that a cross-sectional shape illustrated in FIG. 1 has been
set forth merely for the purpose of a preferred example in
nature, and the present disclosure is not limited to such a
cross-sectional shape. The cross-sectional shape may be, e.g.,
a shape described in a third example illustrated in FIG. 8.

The coated high-temperature superconducting wire 1 of
the present disclosure is configured such that an electrode-
posited film made of block copolymerized polyimide (here-
inafter referred to as “siloxane bond-containing block copo-
lymerized polyimide) which contains siloxane bonds in a
polyimide main chain and which has molecules with anionic
groups is provided as an insulating layer 6 on the outer periph-
ery of the superconducting yttrium-based wire 2.

The “block copolymerized polyimide” means copolymer-
ized polyimide obtained by the following steps: tetracarboxy-
lic dianhydride and diamine are heated to generate imide
oligomer (first reaction step); tetracarboxylic dianhydride
identical with or different from the foregoing tetracarboxylic
dianhydride and/or diamine identical with or different from
the foregoing diamine are/is added to the imide oligomer to
induce a reaction (second reaction step); and then random
copolymerization due to an exchange reaction induced
between amic-acid bonds is blocked to generate block copo-
lymerized polyimide. The “electrodeposited film” is an insu-
lating film obtained by heating (baking) a coating film
obtained by electrodeposition of varnish (electrodeposition
solution).

In the coated high-temperature superconducting wire 1 of
the present disclosure, the insulating layer 6, i.e., the elec-
trodeposited film made of the siloxane bond-containing block
copolymerized polyimide, is adhered to the superconducting
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yttrium-based wire 2 with great adhesive force. When pro-
cessing is performed to bent the coated high-temperature
superconducting wire 1, the insulating layer 6 is not detached
from the superconducting yttrium-based wire 2 or does not
crack. Thus, the coated high-temperature superconducting
wire 1 has excellent flexibility, processing resistance, and
mechanical properties. In particular, the electrodeposited film
made of polyimide satisfactorily coats the outer periphery of
the superconducting yttrium-based wire 2 without causing
pinholes. For the superconducting yttrium-based wire 2 hav-
ing a rectangular cross section, the electrodeposited polyim-
ide film satisfactorily coats not only flat parts but also corner
parts of the superconducting yttrium-based wire 2. Thus, the
coated high-temperature superconducting wire 1 having the
rectangular cross section can be configured to have excellent
heat resistance, flexibility, processing resistance, mechanical
properties, and voltage resistance. According to the present
disclosure, in the block copolymerized polyimide which con-
tains the siloxane bonds in the polyimide main chain and
which has the molecules with the anionic groups, the siloxane
bonds in the main chain may be siloxane bonds of the tetra-
carboxylic dianhydride or siloxane bonds of the diamine.
However, the siloxane bonds are preferably the siloxane
bonds of the diamine. Typically, block copolymerized poly-
imide obtained by using, as at least part of diamine compo-
nent, a diamine compound (hereinafter referred to as a “silox-
ane bond-containing diamine compound”) having siloxane
bonds (—Si—O—) in a molecular frame is used.

In the present disclosure, any types of siloxane bond-con-
taining diamine compound may be used without limitation as
long as the siloxane bond-containing diamine compound can
be imidized with the tetracarboxylic dianhydride. Examples
of the siloxane bond-containing diamine compound include
bis(4-aminophenoxy)dimethylsilane, 1,3-bis(4-aminophe-
noxy)-1,1,3,3-tetramethyldisiloxane, and a compound repre-
sented by the following general formula (I):

1\
H,N— (CH,), Ti—o Ti_(CHZ)m_NHZ
R R
n

(where “R” independently represents an alkyl group, a
cycloalkyl group, a phenyl group, or a phenyl group substi-
tuted with one to three alkyl groups or alkoxyl groups, “1” and
“m” each represent an integer of 1-4, and “n” represents an
integer of 1-20). Examples of the compound represented by
the general formula (I) include a single compound repre-
sented by the general formula (I) where “n” is 1 or 2, and
polysiloxanediamine.

For “R”inthe general formula (I), the carbon number of the
alkyl group or the cycloalkyl group is preferably 1-6, and
more preferably 1-2. For the phenyl group substituted with
one to three alkyl groups or alkoxyl groups, if the phenyl
group is substituted with two or three alkyl groups or alkoxyl
groups, the alkyl groups or the alkoxyl groups may be iden-
tical with or different from each other. The carbon number of
the alkyl group or the alkoxyl group is preferably 1-6, and
more preferably 1-2.

For the compound represented by the general formula (I),
“R” in the general formula (I) is preferably the alkyl group
(particularly a methyl group) or the phenyl group. In addition,
the compound represented by the general formula (I) is pref-
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erably polysiloxanediamine represented by the general for-
mula (I) where “1” and “m” each are 2-3 and “n” is 5-15.

Preferable Example of polysiloxanediamine include bis(y-
aminopropyl)polydimethylsiloxane (in the general formula
(D, “1” and “m™ each are 3, and “R1”” and “R2” each are the
methyl group), and bis(y-aminopropyl)polydiphenylsiloxane
(in the general formula (1), “1” and “m” each are 3, and “R1”
and “R2” each are the phenyl group).

In the present disclosure, a single type of siloxane bond-
containing diamine compound may be used, or two or more
types of siloxane bond-containing diamine compound may be
used in combination. Preferably, the siloxane bond-contain-
ing diamine compound is one selected from a group consist-
ing of bis(4-aminophenoxy)dimethylsilane, 1,3-bis(4-ami-
nophenoxy)-1,1,3,3-tetramethyldisiloxane, and the
compound represented by the general formula (I).

Note that a commercially-available siloxane bond-contain-
ing diamine compound may be used. Products manufactured
by Shin-Etsu Chemical Co., Ltd., Dow Corning Corporation,
and Chisso Corporation can be used as they are. Specifically,
e.g., KF-8010 (bis(y-aminopropyl)polydimethylsiloxane
containing an amino group equivalent of about 450) and
X-22-161A (bis(y-aminopropyl)polydimethylsiloxane con-
taining an amino group equivalent of about 840) manufac-
tured by Shin-Etsu Chemical Co., Ltd. can be used.

In the present disclosure, the siloxane bond-containing
block copolymerized polyimide is obtained by the following
steps: the substantially same amount of, e.g., a diamine com-
pound containing at least the siloxane bond-containing
diamine compound and tetracarboxylic dianhydride is pre-
pared, and the diamine compound and the tetracarboxylic
dianhydride are heated and polycondensed in an organic polar
solvent under the presence of a catalyst made of lactone and
base. That is, at a first step, tetracarboxylic dianhydride and a
diamine compound are heated to generate an imide oligomer.
Then, at a second step, a diamine compound and/or tetracar-
boxylic dianhydride are/is further added to the imide origo-
mer to induce a reaction, resulting in the block copolymer-
ization of the diamine compound and the tetracarboxylic
dianhydride. At this point, as the diamine compound used at
the first step and/or the second step, the siloxane bond-con-
taining diamine compound is implanted as part of a block
segment. In the reaction, acid anhydride such as phthalic
anhydride and/or an amine compound such as aniline may be
added to a reaction system as an end capping agent. Examples
of'the organic polar solvent include N,N-dimethylformamide
(DMF), N,N-dimethylacetamide (DMAc), dimethylsulfox-
ide (DMSO), N-methyl-2-pyrrolidone (NMP), y-butyrolac-
tone (yYBL), anisole, cyclohexanone, tetramethylurea, and sul-
folane. Considering compatibility with polyimide, NMP is
preferable as the organic polar solvent.

In the present disclosure, the usage amount of the siloxane
bond-containing diamine compound is preferably an amount
at which imide units containing the diamine component are
about 5-90 mol % of the total repeating units (imide units)
forming polyimide, more preferably about 10-70 mol %, and
even more preferably about 15-50 mol %. If the amount of
imide units containing the siloxane bond-containing diamine
compound is less than about 10 mol %, an electrodeposited
film made of such polyimide is less preferable because sig-
nificant reduction in adhesion of the electrodeposited film to
the superconducting yttrium-based wire 2 and significant
reduction in degree of extensibility of the electrodeposited
film result in insufficient flexibility. This leads to occurrence
of'detachment and cracking. On the other hand, if the amount
of imide units containing the siloxane bond-containing
diamine compound exceeds about 90 mol %, an electrode-
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posited film made of such polyimide is less preferable
because heat resistance is reduced.

The coated high-temperature superconducting wire 1 is
fabricated by electrodepositing and baking siloxane bond-
containing block copolymerized polyimide varnish (i.e., var-
nish (electrodeposition solution) containing the siloxane
bond-containing block copolymerized polyimide as a resin
content) on the outer periphery of the superconducting
yttrium-based wire 2.

That is, the electrodeposited film is formed as follows.
Siloxane bond-containing block copolymerized polyimide
having anion groups (e.g., carboxylic groups and sulfonic
groups) is dissolved in an organic polar solvent, thereby form-
ing a solution. Water, a poor solvent for polyimide, and a
neutralizer (basic compound) for changing polyimide into
neutralized salt are further added to the solution to prepare
solution-dispersion type varnish. The solution-dispersion
type varnish is electrodeposited and baked on an adherend,
thereby forming an electrodeposited film. According to such
amethod, there is no disadvantage caused as in a conventional
method. Even for the superconducting yttrium-based wire 2
having the rectangular cross section, the electrodeposited film
can be formed so as to satisfactorily coat not only the flat parts
but also the corner parts of the superconducting yttrium-
based wire 2 without causing pinholes. Since part or all of the
outer periphery of the superconducting yttrium-based wire 2
including the corner parts thereof can be substantially uni-
formly covered, the corner parts where electrical discharge is
likely to occur can be protected. Such a feature brings about
an excellent effect for, e.g., a superconducting cable, a super-
conducting current lead, and a superconducting current lim-
iter used for superconducting power transmission.

In the present disclosure, since the siloxane bond-contain-
ing block copolymerized polyimide is for an insulating coat-
ing film (insulating layer 6) of an electrical wire, the siloxane
bond-containing block copolymerized polyimide is required
to have sufficient heat resistance. Typically, in addition to the
siloxane bond-containing diamine compound, aromatic
diamine is used as the diamine component. Examples of the
aromatic diamine include m-phenylenediamine; p-phe-
nylenediamine; 2,4-diaminotoluene; 4,4'-diamino-3,3'-dim-
ethyl-1,1'-biphenyl; 4,4'-diamino-3,3'-dihydroxy-1,1'-biphe-
nyl; 3,3'-diaminodiphenylether; 3,4'-diaminodiphenylether;
4.4'-diaminodiphenylether;  4,4'-diaminodiphenylsulfide;
2,2-bis(4-aminophenyl)propane;  2,2-bis(4-aminophenyl)
hexafluoropropane; 1,3-bis(4-aminophenoxy)benzene; 1,4-
bis(4-aminophenoxy)benzene; 4,4'-bis(4-aminophenoxy)bi-
phenyl; 2.2'-bis[4-(4-aminophenoxy)phenyl|propane; 2,2'-
bis[4-(4-aminophenoxy)phenyl]hexafluoropropane; bis[4-
(3-aminophenoxy)phenyl|sulfone, bis[4-(4-aminophenoxy)
phenyl]sulfone; 3,5-diaminobenzoic acid; 3,3'-dicarboxy-4,
4'-diaminophenylmethane; 2,4-diaminophenylacetic acid;
2,5-diaminoterephthalic acid; 3,5-diamino-p-toluic acid; 3,5-
diamino-2-naphthalenecarboxylic  acid; 1,4-diamino-2-
naphthalenecarboxylic acid; 2,6-diaminopyridine; 2,6-di-
amino-4-methylpyridine;  4,4'-(9-fluorenylidene)dianiline;
4.4'-diaminodiphenylsulfone; and a,c-bis(4-aminophenyl)-
1,3-diisopropylbenzene. Any one of the foregoing com-
pounds may be used alone, or any two or more of the forego-
ing compounds may be used in combination. Since the
foregoing compounds have excellent low-temperature resis-
tance, no adverse effect such as detachment, curing, and
cracking of the insulating layer 6 is provided on the insulating
layer 6 even if the foregoing compounds are used at a low
temperature of about 0-90 K at which the superconducting
yttrium-based wire 2 is typically used. As described above, in
the present disclosure, in order to change the siloxane bond-
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containing block copolymerized polyimide into the neutral-
ized salt in the varnish, it is required that the siloxane bond-
containing block copolymerized polyimide is polyimide
having anion groups such as carboxylic groups and sulfonic
groups. Thus, for at least part of a diamine compound other
than the siloxane bond-containing diamine compound, a
compound having anion groups such as carboxylic groups
and sulfonic groups is used. Of the foregoing examples of the
aromatic diamine, at least carboxylic group-containing aro-
matic diamine (aromatic diamine carboxylic acid) and/or sul-
fonic group-containing aromatic diamine (aromatic diamine
sulfonic acid) are/is used. Of the foregoing compounds,
examples of the carboxylic group-containing aromatic
diamine (aromatic diamine carboxylic acid) include 3,5-di-
aminobenzoic acid; 3,3'-dicarboxy-4,4'-diaminophenyl-
methane; 2,4-diaminophenylacetic acid; 2,5-diaminotereph-
thalic acid; 3,5-diamino-p-toluic acid; 3,5-diamino-2-
naphthalenecarboxylic acid; 1,4-diamino-2-
naphthalenecarboxylic acid. Examples of the sulfonic group-
containing aromatic diamine (aromatic diamine sulfonic
acid) include 2,5-diaminobenzenesulfonic acid; 4,4'-di-
amino-2,2'-stilbenedisulfone; and o-tolidinedisulfonic acid.

In the present disclosure, the content of the carboxylic
group-containing aromatic diamine (aromatic diamine car-
boxylic acid) and/or the sulfonic group-containing aromatic
diamine (aromatic diamine sulfonic acid) in the siloxane
bond-containing block copolymerized polyimide is equal to
or greater than about 10 mol % of the total diamine content,
and preferably equal to or greater than about 15 mol %.

In the present disclosure, aromatic tetracarboxylic dianhy-
dride is typically used as the tetracarboxylic dianhydride
contained in the siloxane bond-containing block copolymer-
ized polyimide, considering, e.g., heat resistance, long-term
stability, and electrodepositability of polyimide and adhesion
of polyimide to metal. Specific examples of the aromatic
tetracarboxylic dianhydride include pyromellitic dianhy-
dride; 3,3'.4,4'-biphenyltetracarboxylic dianhydride; bis-(3,
4-dicarboxyphenyl)ether dianhydride; 3,3'.4.,4'-benzophe-
nonetetracarboxylic dianhydride; 2,2-bis-(3,4-
dicarboxyphenyl) hexafluoropropane dianhydride; 3,3'.4,4'-
biphenylsulfonetetracarboxylic dianhydride; and bicyclo[2,
2,2,]octo-7-ene-2,3,5,6-tetracarboxylic  dianhydride. Any
one of the foregoing compounds may be used alone, or any
two or more of the foregoing compounds may be used in
combination. Of the foregoing compounds, 3,3',4,4'-biphe-
nyltetracarboxylic dianhydride, bis-(3,4-dicarboxyphenyl)
ether dianhydride, 3,3'4,4'-benzophenonetetracarboxylic
dianhydride, or 3,3'.4,4'-biphenylsulfonetetracarboxylic
dianhydride is preferably used considering, e.g., heat resis-
tance, adhesion to the superconducting yttrium-based wire 2,
compatibility with the siloxane bond-containing diamine
compound, and polymerization rate of polyimide.

In the present disclosure, the siloxane bond-containing
block copolymerized polyimide preferably has an intrinsic
(logarithmic) viscosity (about 25° C.) of about 5,000-50,000
mPa-s in a N-methyl-2-pyrrolidone (NMP) solution of about
20 wt %, and more preferably about 5,000-15,000 mPa-s. If
the intrinsic viscosity exceeds about 50,000 mPa-s, unifor-
mity of the electrodeposited film to be formed tends to be
reduced.

The weight-average molecular weight (Mw) of the silox-
ane bond-containing block copolymerized polyimide is pref-
erably about 20,000-150,000 in polystyrene equivalent
weight units, and more preferably about 45,000-90,000. Ifthe
weight-average molecular weight is less than about 20,000,
the following tendency may be exhibited: a product value is
reduced due to degradation ofheat resistance of the electrode-
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posited film and worsening of an appearance of the coated
high-temperature superconducting wire 1 caused by rough-
ening of a film surface. On the other hand, if the weight-
average molecular weight exceeds about 150,000, an increase
in viscosity of the siloxane bond-containing block copoly-
merized polyimide or gelatinization of the siloxane bond-
containing block copolymerized polyimide is accelerated in
the solution, and therefore there is a possibility to interfere
electrodeposition. The number-average molecular weight
(Mn) of the siloxane bond-containing block copolymerized
polyimide is preferably about 1,000-70,000 in polystyrene
equivalent weight units, and more preferably about 20,000-
40,000. If the number-average molecular weight is less than
about 1,000, the following tendency may be exhibited: pro-
ductivity of the coated high-temperature superconducting
wire 1 is reduced due to reduction in electrodeposition effi-
ciency and high consumption of time to form an electrode-
posited film having a desired thickness. In addition, there is a
possibility that requirements for heat resistance and voltage
resistance of the coated high-temperature superconducting
wire 1 cannot be satisfied. If the number-average molecular
weight exceeds about 70,000, the following tendency may be
exhibited: workability is reduced due to an increase in intrin-
sic viscosity and degradation of antifoaming performance
(i.e., the state in which air bubbles taken into the electrode-
posited film cannot be removed).

The “weight-average molecular weight” and the “number-
average molecular weight” are polystyrene equivalent
molecular weights obtained by GPC, i.e., values measured by
using, as a GPC device, HL.C-8220 manufactured by Tosho
Corporation and using, as a column, TSK-gel Super HM-M
(Column No. -D0038) manufactured by Tosho Corporation.

In the present disclosure, the varnish (electrodeposition
solution) containing the siloxane bond-containing block
copolymerized polyimide is specifically prepared as follows.
First, under the presence of an acid catalyst, a diamine com-
pound and tetracarboxylic dianhydride are heated at about
160-180°C. in at least one organic polar solvent selected from
a group consisting of, e.g., NMP, DMF, DM Ac, y-butyrolac-
tone, DMSO, anisole, cyclohexanone, tetramethylurea, and
sulfolane. Meanwhile, water generated by the reaction
between the diamine compound and the tetracarboxylic dian-
hydride is evaporated by azeotropy. As a result, oligomer is
generated (first reaction step). Then, a diamine compound
and/or tetracarboxylic dianhydride are/is further added to the
oligomer, and then a second reaction step (heating) is per-
formed by heating the resultant at about 160-180° C. At this
point, a siloxane bond-containing diamine compound is used
as the diamine compound used at the first reaction step and/or
the second reaction step, thereby obtaining block copolymer-
ized polyimide containing siloxane bonds in a main chain.
The solid concentration of the reaction solution obtained in
the foregoing manner is preferably about 10-40 mass %, and
more preferably about 20-30 mass %. Next, the block copo-
lymerized polyimide dissolved in the polar solvent is neutral-
ized by a base compound, and then water and a poor solvent
for polyimide are added to the resultant to form an elec-
trodeposition solution. As the base compound, e.g., N,N-
dimethylethanolamine, triethylamine, triethanolamine,
N-dimethylbenzylamine, or N-methylmorpholine is used.
The usage amount of the base compound is set to such an
amount that the polyimide can be stably dissolved or dis-
persed in the water solution, and is typically about 30-200
mol % of a theoretical neutralization amount. As the poor
solvent, alcohol having phenyl groups, furfuryl groups, or
naphthyl groups is preferable. Specifically, examples of the
poor solvent include benzyl alcohol, 2-phenylethyl alcohol,
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4-methylbenzyl alcohol, 4-methoxybenzyl alcohol, 4-chlor-
benzyl alcohol, 4-nitrobenzyl alcohol, phenoxy-2-ethanol,
cinnamy! alcohol, furfuryl alcohol, and naphthyl carbinol.
The amount of the polar solvent in the varnish (electrodepo-
sition solution) is preferably about 1.5-10 parts by weight per
part of the polyimide, and more about preferably 2.4-6 parts
by weight. The amount of the water in the varnish is prefer-
ably about 0.1-5 parts by weight per part of the polyimide, and
more preferably about 1-3 parts by weight.

In the present disclosure, electrodeposition conditions
when an electrodeposited film made of the polyimide varnish
is formed on the outer periphery of the superconducting
yttrium-based wire 2 by a constant current method or a con-
stant voltage method are as follows. For example, in the case
of the constant current method, a current value is fixed at
about 20 mA, and the upper limit of DC voltage is about 1-200
V and more preferably about 5-20 V. If the upper limit of
electrodeposition voltage is lower than about 1V, it is difficult
to form a coating film by electrodeposition. On the other
hand, if the upper limit of electrodeposition voltage is higher
than about 200 V, a coating film is formed to an extremely
large thickness. In the case of the constant voltage method, a
voltage value may be fixed at about 1-200 V, and preferably
about 5-20 V. If the voltage value is fixed at a value lower than
about 1V, it is difficult to form a coating film by electrodepo-
sition. On the other hand, ifthe voltage value is fixed at a value
higher than about 200 V, a coating film is formed to an
extremely large thickness. In either the constant current
method or the constant voltage method, an electrodeposition
time is typically about 5-120 seconds, and preferably about
10-60 seconds. In addition, the temperature of the varnish
(electrodeposition solution) upon electrodeposition is prefer-
ably about 10-70° C., and more preferably about 15-25° C.

For baking of a coating film formed by electrodeposition, it
is preferable that, after a first baking step is performed at
about 70-110° C. for about 0.5-10 minutes, a second baking
step is performed at about 160-180° C. for about 0.5-10
minutes, and then a third baking step is performed at a tem-
perature lower than about 250° C. for about 0.5-10 minutes.
By performing the baking at the three steps, a sufficiently-
cured polyimide coating film adhered to the superconducting
yttrium-based wire 2 with great adhesive force can be formed.
Since performance of the superconducting yttrium-based
wire 2 is degraded under a high temperature of equal to or
higher than about 250° C., it is preferable that baking is not
performed at a temperature equal to or higher than about 250°
C. Since an electrodeposition material of the present disclo-
sure is a material which is cured not by baking but by drying,
baking at a temperature lower than about 250° C. is allowed.

In the present disclosure, the varnish is preferably elec-
trodeposited and baked by, e.g., a device illustrated in FIG. 2.
That is, in the state in which a superconducting yttrium-based
wire 2 wound around a first roll 10 is, at one end thereof,
pulled out and is connected to a positive terminal of a DC
power supply, the superconducting yttrium-based wire 2
passes through an electrodeposition bath 12 filled with var-
nish (electrodepostion solution) 13. Cathode tubes 14 are
arranged in the electrodeposition bath 12. When the super-
conducting yttrium-based wire 2 passes through the elec-
trodeposition bath 12, voltage is applied as described above,
and polyimide is substantially uniformly deposited on the
superconducting yttrium-based wire 2 due to a potential dif-
ference between the superconducting yttrium-based wire 2 at
the anode and the cathode tube 14 at the cathode. After the
superconducting yttrium-based wire 2 passed through the
electrodeposition bath 12, the electrodeposition bath 12
enters a drying device 15. In the drying device 15, water
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contained in the polyimide deposited on the superconducting
yttrium-based wire 2 is evaporated. After the electrodeposi-
tion bath 12 passed through the drying device 15, the elec-
trodeposition bath 12 enters a baking furnace 16, and a coat-
ing film (insulating layer 6) made of the polyimide is formed.
Then, the insulated conducting wire is wound by a second roll
20. By electrodepositing and baking the varnish by the fore-
going device, the intended coated high-temperature super-
conducting wire 1 can be successively formed. By dip coat-
ing, it is difficult to substantially uniformly coat a long wire.
On the other hand, a long wire can be substantially uniformly
coated by electrodeposition, and electrodeposition is appli-
cable to, e.g., a wire having a length of about 10 km. Thus, it
is expected that electrodeposition is employed for, e.g., a
large superconducting magnet and a long superconducting
power transmission cable.

The coated high-temperature superconducting wire 1 of
the present disclosure is configured such that the insulating
layer 6 covering the outer periphery of the superconducting
yttrium-based wire 2 is the electrodeposited film made of the
polyimide having the siloxane bonds in the polyimide main
chain. Thus, in the coated high-temperature superconducting
wire 1, the insulating layer 6 uniformly coats the outer periph-
ery of the superconducting yttrium-based wire 2 without
causing pinholes, and the insulating layer 6 having sufficient
flexibility is adhered to the superconducting yttrium-based
wire 2 with great adhesive force. In particular, the coated
high-temperature superconducting wire 1 can be fabricated,
in which the insulating layer 6 made of the polyimide uni-
formly coats, with great adhesive force, the outer periphery of
the superconducting yttrium-based wire 2 having the rectan-
gular cross section, and satisfactorily coats not only the flat
parts but also the corner parts of the superconducting yttrium-
based wire 2. Thus, the coated high-temperature supercon-
ducting wire 1 of the present disclosure is configured to have
good heat resistance, low-temperature resistance, and voltage
resistance and to have excellent flexibility, processing resis-
tance, and mechanical properties which reduce occurrence of
detachment or cracking of the insulating layer 6 (electrode-
posited film) when processing is performed to bent the coated
high-temperature superconducting wire 1. Such a feature
brings about an excellent effect for, e.g., a superconducting
cable, a superconducting current lead, and a superconducting
current limiter used for purposes (e.g., superconducting
power transmission) requiring flexibility, processing resis-
tance, and mechanical properties of the insulating layer at a
room temperature or a low temperature.

Referring to the cross section (cross section in a direction
perpendicular to a longitudinal direction of the coated high-
temperature superconducting wire 1) of the coated high-tem-
perature superconducting wire 1 illustrated in FIG. 1, the
thickness (“t1” in FIG. 1) of the rectangular superconducting
yttrium-based wire 2 in the coated high-temperature super-
conducting wire 1 of the present disclosure is, e.g., about
0.05-1.5 mm, and the width (“W1” in FIG. 1) of the super-
conducting yttrium-based wire 2 is, e.g., about 2-40 mm. In
the present embodiment, the coated high-temperature super-
conducting wire 1 is an extremely-thin tape-shaped wire hav-
ing an aspect ratio of at least about 10 or more. For the sake of
easy understanding of a drawing in FIG. 1, the thickness of
the coated high-temperature superconducting wire 1 is
increased, but an actual thickness ofthe coated high-tempera-
ture superconducting wire 1 is, as viewed in the cross section,
much smaller than that of the coated high-temperature super-
conducting wire 1 illustrated in FIG. 1. The thickness of the
insulating layer 6 which is the electrodeposited film made of
the polyimide varnish is, in the flat part of the superconduct-
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ing yttrium-based wire 2, preferably about 1.5-30 pm, and
more preferably about 5-20 um. If such a thickness is less than
about 1.5 pm, it is difficult to obtain a sufficient alternating
current (AC) withstand voltage flow. Even if the thickness
exceeds about 30 um, no noticeable improvement in an AC
withstand voltage flow is observed, and the size of the coated
high-temperature superconducting wire 1 is increased. When
a high-temperature superconducting coil is fabricated, it is
important to consider magnetic field generation efficiency,
i.e., efficiency for generating a magnetic field having a high
current density corresponding to the cross-sectional area of
the high-temperature superconducting coil including an elec-
trical insulating layer. Thus, it is an advantage of the elec-
trodeposited film that the thickness of the electrical insulating
layer can be freely selected (e.g., a smaller thickness is
selected). Conversely, for electrical insulation of a supercon-
ducting cable, the thickness of an insulating layer is increased
in order to obtain high electrical insulation performance.
Since the thickness of the electrical insulating layer can be
freely selected (e.g., a larger thickness is selected), the elec-
trodeposited film is suitably applicable to the superconduct-
ing cable. On the other hand, in order to reduce or prevent a
drop in AC withstand voltage in the corner parts (where
electrical field concentration is likely to occur and influences
voltage resistance) of the superconducting yttrium-based
wire 2, the thickness of the insulating layer 6 is, in the corner
part, preferably atleast a thickness about 0.8 times larger than
that of the insulating layer 6 in the flat part, and more prefer-
ably a thickness about 0.9 times larger than that of the insu-
lating layer 6 in the flat part. Considering voltage resistance
and reduction in size and weight of the coated high-tempera-
ture superconducting wire 1 (coil using the coated high-tem-
perature superconducting wire 1), the specific thickness of the
insulating layer 6 in the corner part is a thickness about 0.8-4
times larger than that of the insulating layer 6 in the flat part,
preferably a thickness about 0.9-3 times larger than that of the
insulating layer 6 in the flat part, and more preferably a
thickness about 1.0-2.5 times larger than that of the insulating
layer 6 in the flat part. If the thickness of the insulating layer
6 in the corner part of the superconducting yttrium-based wire
2 falls below a thickness about 0.8 times larger than that of the
insulating layer 6 in the flat part, AC withstand voltage in the
corner part is significantly dropped due to electrical field
concentration. On the other hand, if the thickness of the
insulating layer 6 in the corner part of the superconducting
yttrium-based wire 2 exceeds a thickness about 4 times larger
than that of the insulating layer 6 in the flat part, it is difficult
to reduce the size and weight of the coated high-temperature
superconducting wire 1. In the present disclosure, the thick-
ness of the insulating layer 6 covering the outer peripheral of
the rectangular superconducting yttrium-based wire 2 is,
referring to FIG. 1, the thickness (“D1” in FIG. 1) of the
insulating layer 6 at a middle point of a long side of the
rectangular superconducting yttrium-based wire 2 as viewed
in the cross section. The thickness of the insulating layer 6 in
the corner part of the rectangular superconducting yttrium-
based wire 2 is the thickness (“D2” in FIG. 1) of the insulating
layer 6 covering a corner formed between the long side and a
short side of the rectangular superconducting yttrium-based
wire 2 as viewed in the cross section.

Referring to FIG. 3, a high-temperature superconducting
coil 8 of the present disclosure is formed, e.g., by winding the
coated high-temperature superconducting wire 1 of the
present disclosure around a cylindrical reel 9.

The following materials are used as a material of the reel 9:
polymers such as epoxy resin, fiber reinforced resin (e.g.,
FRP), and bakelite; and metal materials such as stainless
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steel, copper, aluminum, and titanium. After the winding of
the coated high-temperature superconducting wire 1, the coil
is impregnated with epoxy resin, and the epoxy resin is cured.
An impregnation material is not limited to epoxy resin, but
may be, e.g., paraffin, paraffin wax, grease, varnish, and phe-
nol resin. A superconducting yttrium-based wire is formed in
such a manner that a rare-earth-based superconductor is
formed on a tape-shaped substrate made of a nickel alloy with
an intermediate layer being interposed therebetween and then
is covered by silver, and copper plating or a copper plate is
bonded to the resultant. The superconducting yttrium-based
wire is extremely susceptible to tensile stress in a thickness
direction thereof and cleavage stress on end parts of the wire
in a width direction thereof. Due to “cleavage stress” caused
as a result of concentrating, e.g., stress caused upon impreg-
nation and curing of a hard impregnation material (e.g., epoxy
resin), thermal stress, and electromagnetic stress on the end
parts of the wire in the width direction thereof, the supercon-
ducting yttrium-based wire inside the coil is mechanically
damaged. This causes delamination resulting in property deg-
radation. In the present embodiment, part or all of the outer
periphery of the superconducting yttrium-based wire 2
including the corner parts thereof is covered by the insulating
layer 6. Thus, a flexible low-strength insulating layer contain-
ing siloxane can block force transmission between an impreg-
nation material and a ReBCO wire. Consequently, it is
ensured that delamination of the ReBCO wire is reduced or
prevented, resulting in reduction or prevention of degradation
of coil properties.

As a winding method, e.g., the following methods can be
used: a solenoid widing method in which a superconducting
wire is regularly lap-wound such as winding of thread on a
reel; a pancake winding method in which unit coils each
formed by winding a rectangular wire are concentrically
stacked on each other; and a double-pancake winding method
in which unit coils each including two coils are stacked on
each other. The shape of the reel is not limited to a cylindrical
shape, and examples of the shape of the reel include any
non-cylindrical reel shapes such as an oval shape, arace track
shape (e.g., the shape of an athletics track filed), a saddle
shape (e.g., the shape of a saddle for a horse) used for an
accelerator, and a D-shape used for, e.g., a nuclear fusion
reactor. The reel may be in such a shape that a flange is formed
at each end of the reel. Examples of the coil of the present
disclosure also include a coil formed by winding a supercon-
ducting wire along a reel positioned on an outer side while
pressing the superconducting wire against the reel. The reel is
not necessarily provided in the present disclosure. The coil
having any of the foregoing shapes may have no reel or have
only part of the reel. Alternatively, the coil may be formed not
by winding the superconducting wire around the reel, but by
fitting a superconducting wire in a recessed groove of a base
plate.

As impregnation, e.g., the following impregnations are
employed: coating type impregnation in which a supercon-
ducting wire is wound while epoxy resin is applied and the
epoxy resin is cured at the end; and vacuum impregnation or
vacuum pressure impregnation in which, after a supercon-
ducting wire is wound into a coil, the entirety of the coil is
vacuum-impregnated or vacuum-pressure-impregnated.
Alternatively, a method may be employed, in which “simul-
taneous winding” of a prepreg tape made of, e.g., epoxy resin
and a superconducting wire is performed and the prepreg tape
and the superconducting wire are hardened together by, e.g.,
heating at the end. The impregnation material is not limited to
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epoxy resin, and may be, e.g., other types of curable resin
such as phenol resin, paraffin, paraftin wax, wax, grease, and
varnish.

The coated superconducting wire may be further covered
by, e.g., another type of insulating tape. The coated supercon-
ducting wire may be configured to have epoxy detaching
properties improved by applying an epoxy detaching agent or
an agent (e.g., grease) having epoxy detaching properties to a
surface of the coated superconducting wire or by attaching a
tape (e.g., a Teflon (registered trademark) tape) having epoxy
detaching properties to the surface of the coated supercon-
ducting wire. The impregnation material such as epoxy resin
may contain a filler added for the purpose of adjusting, e.g., a
heat shrinkage amount. Glass fibers or an insulating sheet
made of, e.g., polymer may be interposed between adjacent
ones of turns of the coil. As measures against electromagnetic
force, a glass sheet or a metal wire may be wound around the
outer periphery of the coil.

The size of the coated high-temperature superconducting
wire 1 used for the high-temperature superconducting coil 8
of the present disclosure is not limited. Depending on the
intended use of the high-temperature superconducting coil 8,
the size of the coated high-temperature superconducting
wires 1 varies. Since the high-temperature superconducting
coil 8 of the present disclosure is formed from the coated
high-temperature superconducting wire 1 including the elec-
trodeposited film having flexibility as the insulating layer 6,
the insulating layer 6 is not detached or cracked even upon
processing for forming the high-temperature superconduct-
ing coil 8 (particularly upon edgewise winding).

The high-temperature superconducting coil 8 of the
present disclosure is configured such that the coated high-
temperature superconducting wire 1 wound to form the high-
temperature superconducting coil 8 has excellent heat resis-
tance and voltage resistance, and the insulating coating film
(insulating layer 6) is, even if processing is performed to bent
the coated high-temperature superconducting wire 1, less
likely to be detached from the superconducting yttrium-based
wire 2. Thus, the high-temperature superconducting coil 8 is
configured not only to have good heat resistance, low-tem-
perature resistance, and voltage resistance but also to have
significantly-improved durability. For example, it is expected
that burnout can be reduced or prevented even when an ener-
gized superconducting coil quenches and the temperature of
the high-temperature superconducting coil increases. As the
cylindrical coil, specific uses of the high-temperature super-
conducting coil 8 of the present disclosure include, e.g., acoil
for NMR or MRI, a high magnetic field coil used for material
evaluation, a detector coil for an accelerator, a superconduct-
ing magnetic energy storage (SMES) coil, and a central sole-
noid coil or a poloidal coil for nuclear fusion. As the non-
cylindrical coil, specific uses of the high-temperature
superconducting coil 8 of the present disclosure include, e.g.,
a race track-shaped coil used for, e.g., a linear motor car or a
motor, a saddle-shaped coil used for an accelerator or a power
generator, and a D-shaped toroidal coil for a nuclear fusion
reactor. The winding pitch, shape, etc. of the high-tempera-
ture superconducting coil 8 vary depending on products to
which the high-temperature superconducting coil 8 is
employed. Since the present disclosure is versatile and is
applicable to the coil having any of the foregoing shapes, the
winding pitch, shape, etc. of the high-temperature supercon-
ducting coil 8 are arbitrarily determined.

Even for a 90 K-class superconducting coil, a method for
cooling a coil is not limited to cooling using liquid nitrogen.
Examples of the cooling method include cooling by using,
e.g., liquid hydrogen, liquid helium, or superfluid helium. In
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addition, the examples of the cooling method include con-
duction cooling for cooling a superconducting coil by using a
small refrigerator. The operation temperature of the coil falls
within a range between about 1 K and about 90 K.

In order to reduce or prevent mechanical degradation due
to delamination of the superconducting yttrium-based wire 2
of the coil caused by impregnation of epoxy resin 7, the
coated high-temperature superconducting wire 1 of the
present embodiment is configured such that the epoxy resin 7
and the superconducting yttrium-based wire 2 do not directly
contact each other, and tension from the epoxy resin 7 does
not transmitted. Since the insulating layer 6 has flexibility
even at a low temperature and low compatibility with epoxy
resin, the insulating layer 6 functions as a cushion against
tensile stress at the middle of the superconducting yttrium-
based wire 2 in the thickness direction thereof and cleavage
stress at the end parts of the superconducting yttrium-based
wire 2 in the longitudinal direction thereof. Thus, the forego-
ing configuration is realized.

The insulating layer 6 brings about the state in which
bonding strength of the insulating layer 6 to epoxy resin is
relatively low due to an effect of silicon mainly contained in
the insulating layer 6. The insulating layer 6 also brings about
the state in which the coating film becomes flexible with a
relatively-low strength due to both of the effect of silicon and
a relatively-low cross-linking ratio of polymer chains. As a
result, the insulating layer 6 functions as a cushion for block-
ing force transmission between epoxy resin and the supercon-
ducting yttrium-based wire 2. Thus, delamination of the
superconducting yttrium-based wire 2 of the high-tempera-
ture superconducting coil 8 can be reduced or prevented with
a simple configuration, thereby obtaining stable supercon-
ducting properties.

Experiment for Evaluating Coil Performance

Next, the following experiment was performed in order to
confirm an effect of an insulating layer 6 after impregnation
of'epoxy resin 7 in a high-temperature superconducting coil 8
(see FIG. 3) formed by winding a superconducting yttrium-
based wire 2 of the foregoing embodiment.

FIRST EXAMPLE AND FIRST COMPARATIVE
EXAMPLE

(Experimental Procedure)

In a first example, a superconducting yttrium-based wire 2
(SCS4050 manufactured by Super Power Inc.) including cop-
per plating, i.e., a stabilization layer 5, was coated by the
method of the foregoing embodiment illustrated in FIG. 2.
The coated high-temperature superconducting wire 1 was
used to form a non-impregnated double pancake coil (a coil
inner diameter of about 30 mm, a coil outer diameter of about
37.5 mm, and a coil height of about 9.4 mm). As areel 9, a
cylinder made of fiber reinforced plastic and having a thick-
ness of about 3 mm was used. Such a coil was, as a first
comparative example, energized in liquid nitrogen, and volt-
age-current (V-]) characteristics were measured. Note that it
has been reported in advance that coil properties are not
degraded in the case of the non-impregnated coil. Subse-
quently, another coil 8 was impregnated with epoxy resin 7
(Stycast 1266 (registered trademark) manufactured by Emer-
son and Cuming), and the epoxy resin 7 was cured. In such a
manner, a high-temperature superconducting coil 8 was
formed as the first example. Then, the high-temperature
superconducting coil 8 was energized in liquid nitrogen.

(Experimental Results)

In the first example, the superconducting yttrium-based
wire 2 illustrated in FIG. 1is sufficiently coated even in corner
parts thereof where electrical field concentration occurs.

10

15

20

25

30

35

40

45

50

55

60

65

26

However, in a conventional method in which dipping and
baking are repeated, it has been found that the corner parts are
not sufficiently coated.

FIG. 4 illustrates the V-I characteristics in the first example
and the first comparative example. In the first comparative
example indicated by a dashed line, normal-conducting volt-
age begins to increase at about 50 A, and the critical current of
the coil corresponding to about 1 pV/em is about 65 A. An
n-value obtained based on a V-I curve is 20. In the first
example indicated by a solid line, there is no change in both of
the critical current and the n-value, and the coil properties are
not degraded.

(Discussion)

In most cases, in the epoxy-impregnated high-temperature
superconducting coil 8, delamination occurs due to applica-
tion of tensile stress or cleavage stress in a radial direction to
the superconducting yttrium-based wire 2, and therefore elec-
trical conductivity is degraded. However, if the coil is config-
ured such that the superconducting yttrium-based wire 2 and
the epoxy resin 7 do not directly contact each other and the
foregoing stress is reduced, degradation due to epoxy impreg-
nation can be reduced or prevented.

Referring to FIG. 1, since the coated high-temperature
superconducting wire 1 of the first example is sufficiently
coated even in the corner parts of the superconducting
yttrium-based wire 2, the epoxy resin 7 does not directly
contact the superconducting yttrium-based wire 2. In addi-
tion, polyimide used for the coating film is flexible due to a
relatively-low cross-linking ratio of polymer chains and has a
relatively-low coating strength. Thus, if there is excessive
stress concentration, such polyimide functions to automati-
cally eliminate a stress concentrated part by being elastically
deformed. Further, because of an effect of silicon contained in
the coating film, the polyimide has relatively-low compatibil-
ity with epoxy resin at a surface of the coating film. Of force
transmitted between the epoxy resin 7 and the superconduct-
ing yttrium-based wire 2, stress caused due to stress concen-
tration on end parts of the wire in a width direction thereof
upon, e.g., cooling of the coil is the biggest factor of mechani-
cal damage of the wire. The foregoing coating properties
mitigate such concentration, and therefore protects the super-
conducting yttrium-based wire 2. That is, stress (e.g., cleav-
age stress) caused on the superconducting yttrium-based wire
2 due to elastic deformation of an insulating layer 6 as illus-
trated in FIG. 5, partial cracking of an insulating layer 6 as
illustrated in FIG. 6, or detachment at an interface between an
insulating layer 6 and epoxy resin 7 as illustrated in FIG. 7 is
relieved, thereby reducing or preventing delamination.

Referring to FIG. 4, the critical current of the coil (first
comparative example) which is not impregnated with the
epoxy resin 7 and the critical current of the epoxy-impreg-
nated superconducting coil 8 (first example) are substantially
identical. The following were confirmed. By applying the
present disclosure, it can be ensured that intrinsic supercon-
ducting properties of the superconducting yttrium-based wire
2 are maintained, and the mechanical damage and the coil
property degradation due to the epoxy resin 7 are reduced or
prevented in the superconducting yttrium-based wire 2
impregnated with the epoxy resin 7.

SECOND EXAMPLE

In a coated high-temperature superconducting wire 1 illus-
trated in FIG. 1, an insulating layer 6 having a thickness of
about 20 pm was formed on a superconducting yttrium-based
wire 2 (SCS4050 manufactured by Super Power Inc.) having
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a thickness of about 0.1 mm and a width of about 4 mm, and
electrical insulation performance was evaluated.

A similar experiment was conducted for a superconducting
bismuth-based wire 2' (DI-BSCCO Type HT (CAS50) manu-
factured by Sumitomo Electric Industries, [td.) having a
thickness of about 0.36 mm and a width of about 4.5 mm.

For example, the superconducting bismuth-based wire 2' is
formed as follows. Referring to FIG. 12, a sliver tube is filled
with raw material powder of a bismuth-based high-tempera-
ture superconductor, and then is drawn into a thinner wire.
Subsequently, a plurality of such thin wires are further drawn
into a single bismuth-based superconductor 4' having a mul-
tifilament structure. In the state in which a plurality of bis-
muth-based superconductors 4' are covered by a silver sheath
5', rolling and sintering are repeated. Then, a reinforcing
material 3' made of, e.g., a copper alloy or stainless steel is
soldered as necessary. A cross-sectional shape of the super-
conducting bismuth-based wire 2' is not limited to a shape
illustrated in FIG. 12.

The thickness (e.g., about 0.3 mm) of the superconducting
bismuth-based wire 2' is greater than that (e.g., about 0.1 mm)
of the superconducting yttrium-based wire 2. The allowable
bending diameter of the superconducting yttrium-based wire
2is,e.g., about 11 mm, and the allowable bending diameter of
the superconducting bismuth-based wire 2' is, e.g., about 40
mm. The critical current per wire at a temperature of about 4.2
K is much greater in the superconducting yttrium-based wire
2 (about 2000 A) than in the superconducting bismuth-based
wire 2' (about 1000 A). The superconducting yttrium-based
wire 2 has greater resistance to tension in a longitudinal
direction thereof. The allowable tension strength of the super-
conducting yttrium-based wire 2 is about 500 MPa, and the
allowable tension strength of the superconducting bismuth-
based wire 2' is about 250 MPa. In each of the superconduct-
ing yttrium-based wire 2 and the superconducting bismuth-
based wire 2', the critical current per wire at a temperature of
about 77 K is about 100-200 A. Thus, the superconducting
yttrium-based wire 2 and the superconducting bismuth-based
wire 2' are susceptible to stress in a width direction thereof.

(Experimental Results)

For the superconducting yttrium-based wire 2, an insulat-
ing layer 6 was formed to a thickness of about 20 pum in a flat
part, and was formed to a thickness of about 30 um in a corner
part.

For the superconducting bismuth-based wire 2', an insulat-
ing layer 6 was formed to a thickness of about 20 pum in a flat
part, and was formed to a thickness of about 35 pm in a corner
part.

An insulation breakdown test was performed by a twisted
pair method (method according to JIS-C-3003 10.2b), and it
was confirmed that the superconducting yttrium-based wire 2
and the superconducting bismuth-based wire 2' have good
breakdown voltage of about 5.7-8.0 kV when a coating thick-
ness is about 20 um. In addition, superconducting perfor-
mance of both of the superconducting yttrium-based wire 2
and the superconducting bismuth-based wire 2' was not
degraded.

THIRD EXAMPLE

In the present example, a coated high-temperature super-
conducting wire 1 is, referring to FIG. 8, configured such that
a tape-shaped substrate 3 and a protective layer are bonded
together. Specifically, the tape-shaped substrate 3 made of,
e.g., hastelloy, a yttrium-based superconductor layer 4
formed on the substrate 3 with an intermediate layer 103
being interposed therebetween, and a protective layer made
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of, e.g., silver and covering the yttrium-based superconductor
layer 4 are stacked on each other. In addition, a stabilization
layer 5 made of a stabilizing material such as copper is sol-
dered to upper and lower parts and/or right or left parts of the
foregoing stack (by solder 104). Due to manufacturing dis-
advantages causing non-uniform widths or different positions
of' the tape-shaped substrate 3 and the stabilization layer 5 or
non-uniform solder amount in the coated high-temperature
superconducting wire 1, asperities may be formed in a side
part 105.

Inthe present example, an insulating layer 6 was formed to
about 10 um on a superconducting yttrium-based wire 2
(FYSC-SCO05 manufactured by Fujikura Ltd.) having a struc-
ture in which a hastelloy wire of about 75 pm and a copper
wire of about 75 um are bonded together and having a thick-
ness of about 0.15 mm and a width of about 5 mm, and
electrical insulation performance was evaluated.

(Experimental Results)

There was a step of about 70 um in the side part 105, and the
solder 104 leaked and was adhered to the side part 105 so as
to be in a hemispherical shape having a diameter of about
20-100 um. However, the insulating layer 6 was formed to
about 30 um at each of the foregoing corner parts through the
use of electrodeposition. In addition, good electrical insula-
tion performance was confirmed. The results shows that a
high-adhesive coating film having a sufficient thickness can
be formed as the insulating layer 6 of the present disclosure
even in a raised-recessed part, and superconductivity is not
degraded at all.

FOURTH EXAMPLE AND SECOND
COMPARATIVE EXAMPLE

For a coated high-temperature superconducting wire 1
illustrated in FIG. 1, electrodeposition was performed to form
aninsulating layer 6 to target thicknesses of about 5 um, about
10 pl, and about 20 um on a superconducting yttrium-based
wire 2 (SCS4050 manufactured by Super Power Inc.) having
a thickness of about 0.1 mm and a width of about 4 mm.

In addition, electrodeposition was performed to form an
insulating layer 6 to a target thickness of about 20 pm on a
superconducting bismuth-based wire 2' (DI-BSCCO Type
HT (CAS50) manufactured by Sumitomo Electric Industries,
Ltd.) having a thickness of about 0.36 mm and a width of
about 4.5 mm. Further, electrodeposition was performed to
form an insulating layer 6 to a target thickness of about 10 um
on an NbTi wire (K04235050H manufactured by Japan
Superconductor Technology Inc.) using as a representative of
an LTS wire, formed without an insulating coating film, and
having a diameter of about 0.5 mm.

As a second comparative example, dip coating of polya-
mide-imide varnish (AI-34C manufactured by Totoku Toryo
Co., [td.) was performed to form an insulating layer 6 to a
target thickness of about 30 um on a superconducting yttrium-
based wire 2 (SCS4050 manufactured by Super Power Inc.)
having a thickness of about 0.1 mm and a width of about 4 mm
and on an NbTi wire (K04235050H manufactured by Japan
Superconductor Technology Inc.) using as a representative of
an LTS wire, formed without an insulating coating film, and
having a diameter of about 0.5 mm.

(Experimental Results)

For the target thickness of about 5 um, the insulating layer
6 was formed to about 5 pm in a flat part of the superconduct-
ing yttrium-based wire 2 and to about 10 um in a corner part
of the superconducting yttrium-based wire 2. For the target
thickness of about 10 um, the insulating layer 6 was formed to
about 8 um in the flat part of the superconducting yttrium-
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based wire 2 and to about 16 pum in the corner part of the
superconducting yttrium-based wire 2. For the target thick-
ness of about 20 um, the insulating layer 6 was formed to
about 19 pm in the flat part of the superconducting yttrium-
based wire 2 and to about 28 pum in the corner part of the
superconducting yttrium-based wire 2.

For the target thickness of about 20 pum, the insulating layer
6 was formed to about 20 um in a flat part of the supercon-
ducting bismuth-based wire 2' and to about 35 pum in a corner
part of the superconducting bismuth-based wire 2'. It was
confirmed that each of the foregoing insulating layers 6 is
formed without pinholes in not only the flat parts but also the
corner parts, and has good electrical insulation performance.
For the target thickness of about 10 um, a polyimide elec-
trodeposited film containing siloxane bonds was formed to
about 10 um around the periphery of the NbTi wire. It was
confirmed that no pinholes are formed, and the polyimide
electrodeposited film has good electrical insulation perfor-
mance. In addition, superconducting performance of each of
the foregoing wires was not degraded.

On the other hand, in the second comparative example
where the superconducting yttrium-based wire was dip-
coated by the polyamide-imide varnish, a coating film in a
corner part was thinner than that in other part, and a suitable
insulating coating film could not be formed. Since there is no
corner part in the NbTi wire of the second comparative
example, a suitable insulating coating film was formed.

FIFTH EXAMPLE AND THIRD COMPARATIVE
EXAMPLE

Referring to FIG. 9, two or more coated high-temperature
superconducting wires 1 are bonded together by an impreg-
nation material such as epoxy resin 7. Although only two
coated high-temperature superconducting wires 1 are illus-
trated in F1G. 9, a plurality of coated high-temperature super-
conducting wires 1 may be stacked on each other in the
vertical direction, the horizontal direction, or both. The
impregnation material such as the epoxy resin 7 may be
applied to part of a clearance between the coated high-tem-
perature superconducting wires 1, may be applied to a space
sandwiched between the coated high-temperature supercon-
ducting wires 1, or may be applied so as to cover the coated
high-temperature superconducting wires 1. In addition, the
impregnation material such as the epoxy resin 7 may cover
each of corner parts of the coated high-temperature supercon-
ducting wires 1. The impregnation material such as the epoxy
resin 7 may be applied to a clearance between adjacent ones
of the plurality of coated high-temperature superconducting
wires 1 stacked on each other in the vertical direction, the
horizontal direction, or both. The coated high-temperature
superconducting wire 1 does not necessarily have a rectan-
gular cross-sectional shape as illustrated in FIG. 9, and may
have, e.g., a circular cross section, an oval cross section, a
polygonal cross section, and a cross section having an inden-
tation or a recess. The foregoing stack may be bonded to
another material such as metal, resin, ceramic, and paper by
the impregnation material such as the epoxy resin 7.

In any case, the foregoing cross-sectional structure can be
typically observed in, e.g., a superconducting coil, a super-
conducting cable, a superconducting current lead, and a
superconducting current limiter.

Due to, e.g., stress caused by shrinkage or expansion upon
curing of the impregnation material such as the epoxy resin 7,
thermal stress caused by, e.g., a difference in heat shrinkage
rate between the materials upon cool-down to a low tempera-
ture, electromagnetic stress caused by, e.g., hoop stress, and
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stress caused upon formation or curving of, e.g., a supercon-
ducting cable, tensile stress or cleavage stress is caused
between superconducting wires 2, 2'. In the present disclo-
sure, in order to reduce or prevent degradation of the super-
conducting wires 2, 2' due to such stress, an insulating layer 6
covers and protects the superconducting wires 2, 2".

Two for each of the following wires were prepared to
perform a cleavage test: superconducting wires 2, 2' (i.e., a
superconducting yttrium-based wire 2 and a superconducting
bismuth-based wire 2') prepared in the second example and
each having a length of about 3 cm; and superconducting
wires 2, 2' on each of which an electrodeposited film is not
formed. The following three types of superconducting
yttrium-based wire 2 (SCS4050 manufactured by Super
Power Inc.) having a thickness of about 0.1 mm and a width
of'about 4 mm were prepared: the superconducting yttrium-
based wire 2 on which a polyimide electrodeposited film
containing siloxane bonds is formed to about 20 um; the
superconducting yttrium-based wire 2 on which a polyimide
electrodeposited film containing no siloxane bond is formed
to about 20 pm; and the superconducting yttrium-based wire
2 on which an electrodeposited film is not formed. The fol-
lowing three types of superconducting bismuth-based wire 2'
(DI-BSCCO Type HT (CA50) manufactured by Sumitomo
Electric Industries, [.td.) having a thickness of about 0.36 mm
and a width of about 4.5 mm were prepared: the supercon-
ducting bismuth-based wire 2' on which a polyimide elec-
trodeposited film containing siloxane bonds is formed to
about 20 um; the superconducting bismuth-based wire 2' on
which a polyimide electrodeposited film containing no silox-
ane bond is formed to about 20 um; and the superconducting
bismuth-based wire 2' on which an electrodeposited film is
not formed. Two wires were prepared for each of the forego-
ing types, and each has a length of about 3 cm.

Next, for each of the foregoing wires, electrical conductiv-
ity such as a value for critical current I and an n-value were
measured in liquid nitrogen 17.

Subsequently, one of the two superconducting wires 2, 2'
on which the electrodeposited film is formed was, referring to
FIG. 10, soldered to an upper anvil 21 to which tensile stress
is to be applied. The other one of the superconducting wires 2,
2' was soldered to a lower anvil 23 to be fixed. A solder-
bonded area is about 16 (=4x4) mm?.

Subsequently, surfaces of the superconducting wires 2, 2'
which are not bonded respectively to the anvils 21, 23 were
bonded together by epoxy resin 7 (Stycast 1266 (registered
trademark) manufactured by Emerson and Cuming). Grease
was applied to a region other than the bonding part such that
an epoxy-bonding area is adjusted to about 16 (=4x4) mm?.
Vacuuming was performed for such a test sample for about 10
minutes to remove air bubbles from the epoxy resin 7. Sub-
sequently, by placing the test sample in an oven set at about
65° C. for about 60 minutes, the epoxy resin 7 was cured.
After the curing of the epoxy resin 7, the grease between the
superconducting wires 2, 2' was removed.

The prepared test sample was set in a tensile testing device
30 illustrated in FIG. 11, and a lever 22 was attached to the
upper anvil 21. On the other hand, the lower anvil 23 was
attached and fixed to a base 24 made of FRP. The lever 22 was
fixed to a rod 31a of a pneumatic cylinder 31. In such a
manner that the pneumatic cylinder 31 pulls the lever 22 in the
vertical direction, cleavage stress F1 was applied to corner
parts of the test sample. An acoustic emission (AE) sensor 25
was attached to the base 24 to measure acoustic wave signals
generated in the process of breakdown of the test sample. The
tensile force (cleavage stress F1) in the vertical direction was
measured by a load cell 26, and displacement in the vertical
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direction was measured by a displacement gauge 27. In the
state in which the test sample is placed in the liquid nitrogen
17, loading and unloading were repeated while gradually
increasing a peak value for tensile force (cleavage stress F1).
Such a process continued until the test sample was broken
down. Subsequently, the electrical conductivity such as a
value for I and an n-value were measured in the liquid nitro-
gen 17 by using a DC power source 33. Note that nitrogen gas
N, was supplied through a buffer tank 32. As a third compara-
tive example, a similar test was conducted for the supercon-
ducting wires 2, 2' on each of which the electrodeposited film
is not formed and the superconducting wires 2, 2' on each of
which the polyimide electrodeposited film containing no
siloxane bond is formed.

(Experimental Results)

Of the superconducting yttrium-based wires 2, no degra-
dation occurred in the superconducting yttrium-based wire 2
on which the polyimide electrodeposited film containing
siloxane bonds is formed. However, in the superconducting
yttrium-based wire 2 on which the electrodeposited film is not
formed, the value for I was reduced to about 64% of the value
before impregnation, and the n-value was reduced to about
35% of the value before impregnation. In addition, in the
superconducting yttrium-based wire 2 on which the polyim-
ide electrodeposited film containing no siloxane bond is
formed, performance thereof was degraded. Of the supercon-
ducting bismuth-based wires 2', no degradation occurred in
the superconducting bismuth-based wire 2' on which the
polyimide electrodeposited film containing siloxane bonds is
formed. However, in the superconducting bismuth-based
wire 2' on which the electrodeposited film is not formed and
the superconducting bismuth-based wire 2' on which the
polyimide electrodeposited film containing no siloxane bond
is formed, performance thereof were degraded. Thus,
although the test continued until the bonding between the
superconducting wires 2, 2' was broken by the cleavage stress
F1, the performance of the superconducting wires 2, 2' was
not degraded because of the polyimide electrodeposited film
containing siloxane bonds.

As a result, it can be confirmed that the superconducting
wires 2, 2' can be protected from the cleavage stress F1 acting
between the superconducting wires 2, 2' due to various fac-
tors, by the electrodeposited film of the present disclosure.
Such an advantage can be also realized in superconducting
wires 2, 2' having thicknesses, widths, and cross-sectional
structures other than those of the foregoing superconducting
wires 2, 2'. In addition, the foregoing advantage can be also
realized in a superconducting wire having a brittle supercon-
ducting layer such as an iron-based superconducting layer
and a MgB, superconducting layer.

SIXTH EXAMPLE AND FOURTH
COMPARATIVE EXAMPLE

FIGS. 13 and 14 illustrate a cross section of a supercon-
ducting wire 2, 2' of a sixth example (i.e., another embodi-
ment of the present disclosure). Such figures illustrate one or
more superconducting wires 2, 2' fixed to a fixed base 40
made of another material such as metal, resin, ceramic, and
paper or another superconducting wire 2, 2' by using an
impregnation material such as epoxy resin 7. Although only a
single superconducting wire 2, 2' is illustrated in FIGS. 13
and 14, a plurality of superconducting wires 2, 2' may be
stacked on each other in the vertical direction, the horizontal
direction, or both. The impregnation material such as the
epoxy resin 7 may cover part or all of the superconducting
wires 2, 2' and the fixed base 40. The wire does not necessarily
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have a rectangular cross-sectional shape as illustrated in
FIGS. 13 and 14, and may have, e.g., a circular cross section,
an oval cross section, a polygonal cross section, and a cross
section having an indentation or a recess. For example, a reel
of a superconducting coil and a former of a superconducting
cable can be regarded as types of the fixed base 40. In any
case, the foregoing cross-sectional structure can be typically
observed in, e.g., a superconducting coil, a superconducting
cable, a superconducting current lead, and a superconducting
current limiter. Due to, e.g., stress caused by shrinkage or
expansion upon curing of the impregnation material such as
the epoxy resin 7, thermal stress caused by, e.g., a difference
in heat shrinkage rate between the materials upon cool-down
to a low temperature, electromagnetic stress caused by, e.g.,
hoop stress, and stress caused upon formation or curving of,
e.g., asuperconducting cable, wire tensile stress F2 is caused.
In the present disclosure, in order to reduce or prevent deg-
radation of the superconducting wires 2, 2' due to such stress,
an insulating layer 6 covers and protects the superconducting
wires 2, 2'.

The following four types of superconducting yttrium-
based wire 2 (SCS4050 manufactured by Super Power Inc.)
having a thickness of about 0.1 mm and a width of about 4 mm
were prepared: the superconducting yttrium-based wire 2 on
which a polyimide electrodeposited film containing siloxane
bonds is formed to about 20 um; the superconducting yttrium-
based wire 2 on which a polyimide electrodeposited film
containing no siloxane bond is formed to about 20 pum; the
superconducting yttrium-based wire 2 on which an acrylic
electrodeposited film is formed to about 20 um; and the super-
conducting yttrium-based wire 2 on which an electrodepos-
ited film is not formed. The following three types of super-
conducting bismuth-based wire 2' (DI-BSCCO Type HT
(CAS50) manufactured by Sumitomo Electric Industries, Ltd.)
having a thickness of about 0.36 mm and a width of about 4.5
mm were prepared: the superconducting bismuth-based wire
2' on which a polyimide electrodeposited film containing
siloxane bonds is formed to about 20 um; the superconduct-
ing bismuth-based wire 2' on which a polyimide electrode-
posited film containing no siloxane bond is formed to about
20 um; and the superconducting bismuth-based wire 2' on
which an electrodeposited film is not formed. Each of the
wires has a length of about 6 cm.

First, electrical conductivity such as a value for I, and an
n-value were measured in liquid nitrogen. Subsequently, the
following tensile test using such values was performed.

A two-centimeter part of the superconducting wire 2, 2'
having a length of 6 cm at the middle thereof was bonded to
an aluminum frame 41 by epoxy resin 7 (Stycast 1266 (reg-
istered trademark) manufactured by Emerson and Cuming).
The aluminum frame 41 is about 18 mm wide, about 12 mm
long, and about 1.2 mm high.

Vacuuming was performed for the foregoing test sample
for about 10 minutes to remove air bubbles from the epoxy
resin 7.

Subsequently, by placing the test sample in an oven set at
about 65° C. for about 60 minutes, the epoxy resin 7 was
cured.

Upon curing of the impregnation material such as the
epoxy resin 7 or cool-down of the impregnation material to an
extremely-low temperature, the impregnation material is
more shrunk than other materials. Since the epoxy resin 7 is
bonded to upper and lower parts of the aluminum frame 41,
tensile stress F2 illustrated in FIG. 15 is applied to the super-
conducting wire 2, 2'. Such tensile stress F2 is caused due to
the difference in heat shrinkage rate between the materials,
and a similar phenomenon occurs in, e.g., a superconducting



US 9,183,970 B2

33

coil, a superconducting cable, a superconducting current
lead, and a superconducting current limiter. In the state in
which the test sample is under stress due to heat shrinkage
caused by cooling the test sample in the liquid nitrogen 17, the
electrical conductivity of the superconducting wire 2, 2' such
as a value for I, and an n-value was measured in the liquid
nitrogen 17. As a fourth comparative example, a similar test
was conducted for the superconducting wires 2, 2' on each of
which the electrodeposited film is not formed, the supercon-
ducting wires 2, 2' on each of which the polyimide electrode-
posited film containing no siloxane bond is formed, and the
superconducting yttrium-based wire 2 on which the acrylic
electrodeposited film is formed.

(Experimental Results)

Of the superconducting yttrium-based wires 2, in the
superconducting yttrium-based wire 2 on which the polyim-
ide electrodeposited film containing siloxane bonds is
formed, no change in electrical conductivity such as a value
for I and an n-value occurred after and before the test, result-
ing in no degradation. Of the superconducting bismuth-based
wires 2', no degradation occurred in the superconducting
bismuth-based wire 2' on which the polyimide electrodepos-
ited film containing siloxane bonds is formed

On the other hand, in the superconducting yttrium-based
wire 2 of the fourth comparative example on which the acrylic
electrodeposited film is formed, the value for I was, although
not specifically illustrated in the figure, reduced to about 14%
of the value before impregnation, and the n-value was
reduced to about 37% of'the value before impregnation. In the
superconducting yttrium-based wire 2 on which the elec-
trodeposited film is not formed, the value for I was reduced to
about 72% of the value before impregnation, and the n-value
was reduced to about 63% of the value before impregnation.
In addition, in the superconducting yttrium-based wire 2 on
which the polyimide electrodeposited film containing no
siloxane bond is formed, superconducting performance
thereof was degraded.

Of the superconducting bismuth-based wires 2', no degra-
dation occurred in the superconducting bismuth-based wire 2'
on which the polyimide electrodeposited film containing
siloxane bonds is formed. In the superconducting bismuth-
based wire 2' of the fourth comparative example on which the
electrodeposited film is not formed and the superconducting
bismuth-based wire 2' of the fourth comparative example on
which the polyimide electrodeposited film containing no
siloxane bond is formed, degradation similarly occurred.

Thus, itcan be confirmed that the superconducting wires 2,
2' can be protected from tensile stress acting between the
superconducting wires 2, 2' due to various factors, by the
insulating layer 6 of the present disclosure. Such an advan-
tage can be also realized in superconducting wires 2, 2" having
thicknesses, widths, and cross-sectional structures other than
those of the foregoing superconducting wires 2, 2'. In addi-
tion, the foregoing advantage can be also realized in a super-
conducting wire having a brittle superconducting layer such
as an iron-based superconducting layer and a MgB, super-
conducting layer.

SEVENTH EXAMPLE

As a seventh example, a polyimide electrodeposited film
was formed to 20 um on a superconducting bismuth-based
wire 2' (DI-BSCCO Type HT (CAS50) manufactured by Sumi-
tomo Electric Industries, Ltd.) having a thickness of about
0.36 mm and a width of about 4.5 mm. The superconducting
bismuth-based wire 2' was used to form a double pancake coil
(acoil inner diameter of about 80 mm, a coil outer diameter of
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about 101.6 mm, and a coil height of about 10.8 mm). As a
reel 9, a cylinder made of fiber reinforced plastic was used.
Before impregnation, it was confirmed by energizing the coil
in liquid nitrogen that superconducting properties of the coil
are not degraded.

Subsequently, the coil was impregnated with epoxy resin
(Stycast 1266 (registered trademark) manufactured by Emer-
son and Cuming) which is a representative impregnation
material, and the epoxy resin was cured. Then, the coil was
re-energized in liquid nitrogen. As a result, it was confirmed
that no change in critical current and n-value occur, and
therefore no property degradation occurs.

EIGHTH EXAMPLE

A superconducting yttrium-based wire 2 was coated by the
method illustrated in FIG. 2. The coated high-temperature
superconducting wire 1 was used to form a non-impregnated
racetrack-shaped coil (a straight-part length of about 80 mm,
a coil-end inner diameter of about 80 mm, a coil-end outer
diameter of about 87.5 mm, and a coil height of about 4.8 mm)
Such a coil was, as a fifth comparative example, energized in
liquid nitrogen, and voltage-current (V-1) characteristics were
measured. Then, it was confirmed that no degradation occurs.

Subsequently, the coil was impregnated with epoxy resin
(Stycast 1266 (registered trademark) manufactured by Emer-
son and Cuming) which is a representative impregnation
material, and the epoxy resin was cured. Then, a high-tem-
perature superconducting coil was formed as an eighth
example, and was energized in liquid nitrogen. Consequently,
it was confirmed that no degradation occurs due to impreg-
nation.

FIGS. 16-18 illustrate the experimental results of the
examples and the comparative examples. As will be seen from
the results of the examples, the insulating layer 6 of the
present disclosure formed by electrodeposition brings about
the state in which bonding strength of the insulating layer 6 to
the impregnation material such as the epoxy resin 7 is rela-
tively low due to an effect of siloxane bonds mainly contained
in the insulating layer 6. The insulating layer 6 also brings
about the state in which the coating film becomes flexible
with a relatively-low strength due to both of the effect of
siloxane bonds and a relatively-low cross-linking ratio of
polymer chains. As a result, the insulating layer 6 functions as
a cushion for blocking force transmission between the
impregnation material such as the epoxy resin 7 and the
superconducting wire 2, 2'. The results show that delamina-
tion of the superconducting yttrium-based wire 2 and/or the
superconducting bismuth-based wire 2' of the high-tempera-
ture superconducting coil can be reduced or prevented regard-
less of the coil shape, and therefore stable superconducting
properties can be obtained. Such an advantage can be also
realized in wires having thicknesses, widths, and cross-sec-
tional structures other than those of the foregoing wires. In
addition, the foregoing advantage can be also realized in a
superconducting wire having a brittle superconducting layer
such as an iron-based superconducting layer and a MgB,
superconducting layer.

In the examples where the polyimide containing siloxane
bonds, the polyimide containing no siloxane bond, or the
acrylic was electrodeposited to various thicknesses on vari-
ous wires, the results confirm as follows. Electrodeposition
improves the stiffness of the superconducting wire, resulting
in the elastic wire. Thus, handleability is improved. This
decreases the possibility of accidentally degrading, the per-
formance and properties of the superconducting wire
extremely susceptible to bending during handling thereof.
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Such an advantage can be also realized in wires having thick-
nesses, widths, and cross-sectional structures other than those
of the foregoing wires. In addition, the foregoing advantage
can be also realized in any superconducting wire materials
having the minimum allowable bending diameter, such as
high-temperature superconducting wires made of, e.g., a bis-
muth-based oxide, an iron-based material, and MgB, and
low-temperature superconducting wires. The wire does not
necessarily have a rectangular cross-sectional shape as
described above, and may have, e.g., a circular cross section,
an oval cross section, a polygonal cross section, and a cross
section having an indentation or a recess. In any supercon-
ducting wires, the foregoing advantage can be realized by an
insulating coating film having at least a thickness which is
about 1.5-130% of the wire thickness and more preferably a
thickness which is about 5-50% of the wire thickness or by an
insulating coating film having at least a thickness of about
1.5-130 um and more preferably a thickness of about 5-50
pum. Unlike a heat-shrinkable tube and a coating film made of,
e.g., formal by dipping, the formed insulating coating film is
closely adhered to the superconducting wire, and therefore
even the thin insulating coating film can contribute to
improvement of the stiffness of the superconducting wire. In
addition to the improvement of the stiftness, the electrode-
posited film can also function as an electrical insulating film.
The improvement of the stiffness can decrease probability of
reducing the bending diameter of the superconducting wire to
equal to or less than the minimum allowable bending diam-
eter even when unexpected external force acts on the super-
conducting wire during handling thereof.

As will be seen from the results of the third and fourth
examples, the thick electrodeposited film can be formed in the
corner parts of the superconducting wire. Thus, features of
electrodeposition using polyimide containing siloxane bonds
can be effectively utilized for coating of the corner parts of the
superconducting wire. That is, the electrodeposited film
brings about the state in which the bonding strength of the
electrodeposited film to the impregnation material such as the
epoxy resin 7 is relatively low due to the effect of siloxane
bonds mainly contained in the electrodeposited film. The
electrodeposited film also brings about the state in which the
coating film becomes flexible with the relatively-low strength
due to both of the effect of siloxane bonds and the relatively-
low cross-linking ratio of polymer chains. In the corner parts
of the superconducting wire, the electrodeposited film more
effectively functions as a cushion for blocking force trans-
mission between the impregnation material such as the epoxy
resin 7 and the high-temperature superconducting wire. Thus,
the thick electrodeposited film formed in the corner parts of
the high-temperature superconducting wire can protect the
high-temperature superconducting wire from, e.g., stress
caused by shrinkage or expansion upon curing of the impreg-
nation material, thermal stress caused by, e.g., a difference in
heat shrinkage rate between the materials upon cool-down to
a low temperature, electromagnetic stress caused by, e.g.,
hoop stress, and stress caused upon formation or curving of,
e.g., a superconducting cable even when part or all of the
high-temperature superconducting wire is impregnated with
the impregnation material such as the epoxy resin 7. In par-
ticular, this is effective because the corner parts of the high-
temperature superconducting wire are susceptible to the
cleavage stress F1 and degradation is likely to occur in the
corner parts. Inthe case where, e.g., an insulating coating film
made of a coating material (e.g., formal resin coating) for an
enamel wire is formed on a long wire, the thickness of the
insulating coating film varies in a longitudinal direction of the
wire. As in such a case, the thickness of the coating film
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cannot be precisely controlled. For such a reason, a disadvan-
tage in manufacturing precision upon winding of a wire into
a coil arises, and the thickness of the insulating coating film
cannot be reduced to the lowest possible thickness consider-
ing the variation in thickness.

NINTH EXAMPLE

A superconducting yttrium-based wire 2 (SCS4050 manu-
factured by Super Power Inc.) having a thickness of about 0.1
mm, a width of about 4 mm, and a length of about 18 m was
prepared. Tapes were attached respectively to a starting end
and a terminal end of the superconducting yttrium-based wire
2 so that the positions of the starting end and the terminal end
can be confirmed, and electrodeposition was performed to
form a polyimide film to a target thickness of about 20 um by
using the device illustrated in FIG. 2.

As a result, even the long superconducting yttrium-based
wire 2 can be seamlessly and uniformly coated in a longitu-
dinal direction thereof by the electrodeposited film of about
20 um. In addition, it was confirmed that the outer periphery
of the superconducting yttrium-based wire 2 including not
only flat parts but also corner parts is satisfactorily coated
without pinholes, and the superconducting yttrium-based
wire 2 has good electrical insulation performance across the
length thereof. Further, performance of the coated supercon-
ducting wire were not degraded by processing such as elec-
trodeposition.

(Other Embodiments)

The present disclosure may have the following configura-
tions in the foregoing embodiment.

Although the superconducting yttrium-based wire 2 which
is the ReBCO wire has been described as the example of the
high-temperature superconducting wire, the present disclo-
sure is not limited to such a wire. The high-temperature super-
conducting wire may be, e.g., Re 123-type high-temperature
superconducting materials containing rare earthes (Re) other
than yttrium, bismuth-based oxide high-temperature super-
conducting materials, and iron-based high-temperature
superconducting materials. Examples of Re include elements
such as La, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, Lu, and Y.
The bottom line is that the effect of the insulating layer 6 of
the present disclosure is produced for any high-temperature
superconducting wires in which delamination is likely to
occur.

Since the coated high-temperature superconducting wire
of the present disclosure has excellent mechanical strength,
e.g., epoxy resin can be used for hardening of the coated
high-temperature superconducting wire. For example, a high-
temperature superconducting cable used for superconducting
power transmission has the following structure: a supercon-
ducting wire is spirally wound around a center conductor
called “former” so as to form layers stacked on each other,
and an electrical insulating film is wound around and is
pressed against the superconducting wire. Since the coated
high-temperature superconducting wire of the present disclo-
sure already has high electrical insulation performance, the
following structures can be realized: the structure in which an
electrical insulating film is not wound around the supercon-
ducting wire; and the structure in which an electrical insulat-
ing film is wound around the superconducting wire such that
the number of turns of the electrical insulating film is reduced.
In addition, by using the coated high-temperature supercon-
ducting wire of the present disclosure having high electrical
insulating properties, the former may be an electrical con-
ducting former, an electrical insulating former, or a thermal
conducting former. Further, the former may be bonded to the
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coated high-temperature superconducting wire, or the struc-
ture in which, e.g., a film is wound around and is pressed
against the coated high-temperature superconducting wire
may be omitted. Since the coated high-temperature supercon-
ducting wire is hardened by adhesive, the winding pitch
thereof can be increased as compared to that of a conventional
superconducting wire, resulting in saving of a wire to be used.

The former to which the coated high-temperature super-
conducting wire of the present disclosure is bonded may be in
a spiral shape or an accordion shape. The coated high-tem-
perature superconducting wire may be bonded to an outside
or an inside of the former in accordance with the spiral shape.
Alternatively, the former may be in a cylindrical shape, and
the coated high-temperature superconducting wire may be
bonded to an outside or an inside of such a former. As another
alternative, the former may be in a plate shape, and the coated
high-temperature superconducting wire may be bonded to
one or both sides of such a former. In such a case, the former
plate may be turned or twisted such that a bendable direction
of the former plate is not only one direction.

Since the electrodeposited film of the coated high-tempera-
ture superconducting wire of the present disclosure has high
adhesion, the electrodeposited film is less likely to be broken
even by rubbing. Thus, the coated high-temperature super-
conducting wire may be, without the former, simply placed
inside a cylinder, an accordion member, or a spiral member. In
such a case, the superconducting wire may be turned or
twisted such that a bendable direction thereof is not only one
direction.

The coated high-temperature superconducting wire used as
described above may be used one by one. Alternatively, two
or more of the coated high-temperature superconducting
wires may be used in combination. In such a case, the coated
wires may be bonded together.

In the bonding described above, one or both sides of each
coated wire may be impregnated. In addition, the coated wires
may be bonded together at part of one side of each coated
wire, part of both sides of each coated wire, or ends of the
coated wires, or may be bonded together with a clearance.
The adhesive is not limited to epoxy resin, and may be, e.g.,
other curable resin such as phenol resin, paraffin, paraffin
wax, wax, grease, and varnish.

Any of the foregoing structures of the superconducting
cable may be combined.

The foregoing structures may be employed for a high-
temperature superconducting current lead or a high-tempera-
ture superconducting current limiter.

By bonding the coated high-temperature superconducting
wire to, e.g., the former, the strength of the coated high-
temperature superconducting wire against electromagnetic
force is increased in the foregoing structures and the use
applications. Thus, the coated high-temperature supercon-
ducting wires can be used in more close proximity to each
other. This reduces the diameter of the superconducting
cable. In addition, by bonding the coated high-temperature
superconducting wire to the former, the coated high-tempera-
ture superconducting wire is applicable to the formers having
various structures as described above. The flexible insulating
coating film electrodeposited on the coated high-temperature
superconducting wire disperses stress (e.g., stress caused
upon impregnation and curing of the adhesive, thermal stress,
electromagnetic stress, and stress caused upon formation or
curving of the superconducting cable) degrading or destroy-
ing the performance of the coated high-temperature super-
conducting wire. Such a feature can reduce or prevent the
degradation or destruction of the performance of the coated
high-temperature superconducting wire even if the diameter
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of the superconducting cable is reduced. The reduction in
diameter of the superconducting cable results in reduction in
installation cost and amount of refrigerant consumption
required upon cooling of the coated superconducting wire.
This brings about an economic effect. Many superconducting
cables may be arranged in the same space. The coated high-
temperature superconducting wire used for such a purpose
may be made of, e.g., a bismuth-based oxide high-tempera-
ture superconducting material or an iron-based high-tempera-
ture superconducting material. Even if the aspect ratio of the
superconducting wire is at least 5 or more, the foregoing
advantages can be realized.

The foregoing embodiment has been set forth merely for
the purpose of a preferred example in nature, and is not
intended to limit the scope, applications, and use of the
present disclosure.

As described above, the present disclosure is useful for the
coated high-temperature superconducting wire using the
high-temperature superconducting wire, and the high-tem-
perature superconducting coil including the coated high-tem-
perature superconducting wire. In particular, since the present
disclosure is applicable not only to a high-temperature super-
conducting magnet using a high-temperature superconduct-
ing coil but also to a high-temperature superconducting cable,
ahigh-temperature superconducting current lead, a high-tem-
perature superconducting current limiter, etc. Thus, it is
expected that the present disclosure can widely open a way to
a practical use of superconducting power transmission.

What is claimed is:

1. A coated high-temperature superconducting wire com-
prising:

a high-temperature superconducting wire covered by an

insulating layer,

wherein:

the high-temperature superconducting wire has a rect-
angular cross section, has an aspect ratio of 10 or
more, and is made of a superconductor material hav-
ing a critical temperature equal to or greater than 25 K
without any influence of an external magnetic field,

the high-temperature superconducting wire has a multi-
layer structure comprising a high-temperature super-
conducting layer, a tape-shaped metal substrate, an
intermediate layer, a protective layer, and a stabiliza-
tion layer, and

the insulating layer is an electrodeposited film made of
block copolymerized polyimide comprising a silox-
ane bond in a polyimide main chain and a molecule
with an anionic group.

2. The coated high-temperature superconducting wire of
claim 1, wherein the multilayer structure comprises:

the intermediate layer being interposed between the high-

temperature superconducting layer and the tape-shaped
metal substrate,

the protective layer being formed on the high-temperature

superconducting layer, and

the stabilization layer being formed around the surface of

the layered structure of the high-temperature supercon-
ducting layer, the tape-shaped metal substrate, the inter-
mediate layer, and the protective layer.

3. The coated high-temperature superconducting wire of
claim 2, wherein the tape-shaped metal substrate is made of
nickel or a nickel alloy.

4. The coated high-temperature superconducting wire of
claim 2, wherein the stabilization layer is a silver layer.
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5. The coated high-temperature superconducting wire of
claim 2,
wherein the stabilization layer comprises a copper layer on
a silver layer, and

wherein the protective layer comprises a layer that is made
from a material selected from the group consisting of
silver, gold, or an alloy thereof.

6. A high-temperature superconducting coil comprising:

the coated high-temperature superconducting wire of

claim 1.

7. The high-temperature superconducting coil of claim 6,
wherein

the coated high-temperature superconducting wire is

wound inside or outside a reel having a predetermined
shape, or is wound along a groove of the reel.

8. The high-temperature superconducting coil of claim 7,
wherein part or all of the reel is removed.

9. The high-temperature superconducting coil of claim 6,
wherein the high-temperature superconducting coil is
impregnated with an impregnation material, and the impreg-
nation material comprises cured epoxy.

10. The high-temperature superconducting coil of claim 9,
wherein the impregnation material covers the insulating
layer, and is completely separated from the high-temperature
superconducting wire by the insulating layer.

11. The high-temperature superconducting coil of claim 6,
wherein the coated high-temperature superconducting wire is
wound inside or outside a cylindrical reel, or is wound along
a groove of the cylindrical reel.

12. The high-temperature superconducting coil of claim 6,
wherein the coated high-temperature superconducting wire is
wound inside or outside a non-cylindrical reel, or is wound
along a groove of the non-cylindrical reel.

13. The high-temperature superconducting coil of claim 6,
wherein the coated high-temperature superconducting wire is
wound inside or outside a reel defining an arc surface in at
least part thereof, or is wound along a groove of the reel.

14. The high-temperature superconducting coil of claim 6,
wherein a partially-cured resin-impregnated tape is inter-
posed between each adjacent turn of the high-temperature
superconducting wire of the high-temperature superconduct-
ing coil, and the coil is hardened.

15. The high-temperature superconducting coil of claim 6,
wherein a tape is, for insulation, thermal conduction, or
detachment, attached to the high-temperature superconduct-
ing wire.

16. The high-temperature superconducting coil of claim 6,
wherein a material is, for insulation, thermal conduction, or
detachment, applied to the high-temperature superconduct-
ing wire.

17. The high-temperature superconducting coil of claim 6,
wherein a plurality of high-temperature superconducting
wires are bonded together.

18. The high-temperature superconducting coil of claim 6,
wherein the high-temperature superconducting wire is
bonded to a reel or a tape material.

19. The coated high-temperature superconducting wire of
claim 1, wherein the insulating layer has a low adhesion to an
impregnation material.

20. The coated high-temperature superconducting wire of
claim 1, wherein the high-temperature superconducting wire
comprises a ReBCO tape.
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21. The coated high-temperature superconducting wire of
claim 1, wherein the insulating layer substantially uniformly
covers part or all of an outer periphery of the high-tempera-
ture superconducting wire including a corner part thereof.

22. A coated high-temperature superconducting wire com-
prising:

a high-temperature superconducting wire covered by an

insulating layer,

wherein:

the high-temperature superconducting wire has a rect-
angular cross section, has a thickness of 0.05 to 1.5
millimeters, and is made of a superconductor material
having a critical temperature equal to or greater than
25 K without any influence of an external magnetic
field,

the high-temperature superconducting wire has a multi-
layer structure comprising an high-temperature
superconducting layer, a tape-shaped metal substrate,
an intermediate layer, a protective layer, and a stabi-
lization layer, and

the insulating layer is an electrodeposited film made of
block copolymerized polyimide comprising a silox-
ane bond in a polyimide main chain and a molecule
with an anionic group.

23. The coated high-temperature superconducting wire of
claim 22, wherein the high-temperature superconducting
wire is made ofthe superconductor material having a width of
2 to 40 millimeters.

24. The coated high-temperature superconducting wire of
claim 22, wherein the insulating layer is an electrodeposited
film made of block copolymerized polyimide, said polyimide
comprising a siloxane bond in a polyimide main chain and a
molecule with an anionic group.

25. A high-temperature superconducting coil comprising:

a coated high-temperature superconducting wire covered

by an insulating layer,

wherein:

the coated high-temperature superconducting wire has a
rectangular cross section, has a thickness of 0.05 to
1.5 millimeters, and is made of a superconductor
material having a critical temperature equal to or
greater than 25 K without any influence of an external
magnetic field,

the high-temperature superconducting wire has a multi-
layer structure comprising an high-temperature
superconducting layer, a tape-shaped metal substrate,
an intermediate layer, a protective layer, and a stabi-
lization layer, and

the insulating layer is an electrodeposited film made of
block copolymerized polyimide comprising a silox-
ane bond in a polyimide main chain and a molecule
with an anionic group.

26. The high-temperature superconducting coil of claim
25, wherein:

the high-temperature superconducting coil is impregnated

with an impregnation material, and the impregnation

material is cured,

the impregnation material covers the insulating layer, and

the impregnation material is completely separated from the

high-temperature superconducting wire by the insulat-
ing layer.



